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GENERAL INTRODUCTION 
Trisomies 
A Datura stramonium mutant called 'Globe' was found in 
laboratory material developed for a genetics course 
(Blakeslee, 1922; Blakeslee and Belling, 1924), The Globe 
mutant was not inherited in a normal Mendelian manner. It 
was discovered that Globe and a series of other unusual 
mutants in Datura were due to the presence of an extra 
chromosome (Blakeslee et al., 1920). The mutants that 
contained an extra chromosome were called trisomies and 
were given the chromosomal designation 2n+l (Blakeslee, 
1921). Much of the early research on trisomie genetics and 
cytogenetics was conducted on these Datura aneuploids. 
Many different types of trisomies have been 
characterized. Primary trisomies have the normal diploid 
complement of chromosomes and one extra intact chromosome. 
When an individual has an extra telosome (one arm of a 
chromosome), it is called a telotrisomic. If the arm of 
the telosome is duplicated to form an isochromosome, the 
individual is a secondary trisomie. The extra chromosome 
in a tertiary trisomie has portions of two nonhomologous 
chromosomes. Many more complex combinations of missing 
chromosomes or chromosome arms and compensating chromosomes 
or arms are possible. An excellent review of the 
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nomenclature and chromosomal formulas is presented by Khush 
(1973). 
The presence of an extra chromosome or portion of a 
chromosome means that there are extra copies of many genes. 
This abnormal genetic constitution can produce an altered 
phenotype. All of the primary trisomies of Datura can be 
recognized at all stages of development (Avery et al., 
1959). In many other species, disomic and trisomie sibs 
can be distinguished from each other. Cytogenetic and 
mapping studies utilizing trisomies are expedited if 2n+l 
individuals can be identified visually rather than through 
time-consuming cytogenetic techniques. 
A definitive way to identify trisomies is to do 
chromosome counts. In some instances, mitotic karyotype 
analysis can establish which chromosome has three copies. 
However, in many species, not all the members of the 
chromosome complement can be identified. In soybean, only 
the satellite chromosome is readily identifiable at mitotic 
metaphase. Pachytene analysis of chromosome pairing is 
another way of identifying the extra chromosome in 
trisomies in maize (Rlioades and HcClintock, 1935) , rice 
(Khush et al., 1984), and tomato (Barton, 1950). During 
meiosis, the three homologous chromosomes in a trisomie 
form trivalents. If each of the chromosomes has its own 
distinctive length and markers, the researcher can identify 
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the extra chromosome. Pachytene analysis is not feasible 
in some species because chromosomes are difficult to 
identify or suitable techniques have not been developed. 
Five of 20 possible primary trisomies have been 
identified in soybean (Palmer, 1976; Sadanaga and 
Grindeland, 1984; Gwyn, 1984). Gwyn et al. (1985) measured 
19 phenotypic traits on disomic and trisomie plants for Tri 
A, B, C, and D and visually evaluated the plants. The 
authors concluded that trisomie plants could not be 
distinguished from their disomic sibs by differences in 
appearance or by differences in the phenotypic traits that 
they measured. In soybean, disomic and trisomie 
individuals can be identified only by chromosome counts. 
Assignment of genes and linkage groups to chromosomes 
and the consolidation of linkage groups have been major 
uses of primary trisomies. Other trisomies, such as 
telosomies, secondary or tertiary trisomies, have been used 
to assign genes to specific regions of the chromosome 
(Khush, 1973). A heterozygous gene in a trisomie plant can 
have one of the three following genotypes: AAa, Aaa, or 
Aa. In the selfed progeny of a trisomie plant, all genes 
with an Aa genotype will exhibit a 3:1 Mendelian or non 
critical segregation ratio. All genes with AAa or Aaa 
genotypes will have a non-Mendelian or critical segregation 
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ratio. Each gene can have a triallelic condition with only 
one primary trisomie. By correlating the primary trisomies 
with the genes or linkage groups that exhibit critical 
segregation ratios, one can assign genes or linkage groups 
to chromosomes (Khush, 1973). The observed critical ratio 
is species-specific and usually varies from trisomie to 
trisomie within a species. A number of meiotic, 
gametophytie, and sporophytic factors interact to produce 
the trisomie or critical segregation ratio (Khush, 1973). 
In a trisomie individual, the presence of three copies 
of a gene results in different gametic arrays and non-
Mendel ian phenotypic and genotypie ratios in the progeny of 
the individual. Gametes can have either one or two copies 
of a gene. Three different segregation types that predict 
the gametic array produced by a trisomie have been proposed 
(Burnham, 1962), Each segregation type assumes that a 
different amount of crossing over occurs between the gene 
and the centromere. The amount of recombination changes 
the gametic array. 
Muller (1914) proposed the first type of segregation, 
chromosomal segregation (CS). Chromosomal segregation 
assumes that only multivalents (trivalents in trisomies) 
are formed, 50% of the gametes are n and 50% of the gametes 
are n+1 and no crossing over occurs between the gene and 
the centromere. Gametes are produced by an AAa genotype in 
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the following frequency: 1 AA: 2 Aa: 2 A: la. Self-
pollination of the AAa genotype results in a genotypic 
frequency of 1 AAAA: 4 AAAa: 4 AAaa: 4 AAA: 10 AAa: 4 Aaa: 
4 AA: 4 Aa: 1 aa and a phenotypic frequency of 35 A__: 1 aa. 
A ratio of 1 aa: 2 Aa: 2a: 1 A occurs in the gametes of an 
Aaa trisomie. In the F2 generation, the genotypic 
frequency would be 1 aaaa: 4 Aaaa: 4 AAaa: 4 aaa: 10 Aaa: 4 
AAa: 4 aa: 4 Aa: 1 AA and the phenotypic frequency would be 
3 A_: 1 aa (Burnham, 1962). 
It should be noted that an AAa genotype is much more 
useful that an Aaa genotype in mapping studies using 
trisomies. With full transmission of n+1 gametes, selfing 
of an Aaa genotype produces a critical ratio (3:1) that is 
the same as the noncritical ratio produced by selfing an 
Aa genotype. In contrast, self-pollination of an AAa 
genotype produces a 35:1 critical ratio which is 
significantly different from the 3:1 noncritical ratio. 
With chromosomal segregation, no aa gametes are 
produced by AAa genotypes. However, early researchers 
found aaa genotypes in the progeny of AAa individuals 
(Khush, 1973). Two types of segregation were proposed to 
explain the formation of aa gametes. The first was random 
chromatid segregation (Haldane, 1930). In contrast to 
chromosomal segregation, which assumes that no crossovers 
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occur between the gene and the centromere, chromatid 
segregation assumes that an infinite number of crossovers 
occur between the gene and the centromere. The net result 
of this assumption is that the gene segregates 
independently of the centromere. Biologically, this is not 
a valid assumption. In addition, Mather (1935) and Burnham 
(1962) demonstrated that chromatid segregation does not 
predict the maximum frequency possible for aa gametes. 
An alternate hypothesis, maximal equational 
segregation (MES), was put forward by Mather (1935) and 
Burnham (1962) to predict the maximum value for double 
reductional gametes. Double reductional gametes are 
gametes that carry two alleles from sister chromatids. 
Maximal equational segregation assumes the following: 1) 
multivalent formation, 2) one effective crossover between 
the gene and the centromere, 3) the crossover chromatids 
must go to the same pole at Anaphase I, 4) random 
assortment of chromatids at Anaphase II, and 5) one n 
gamete is formed for each n+1 gamete. One-fourth of the 
n+1 gametes are double reductional. However, only the aa 
gametes are recognizable as such, since AA gametes can be 
formed either by double reduction or by random chromosome 
assortment. 
As a result of the crossing over, the gametic array 
produced by MES differs from the array produced by CS. 
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Duplex genotypes (AAa) have the following gametic array: 5 
AA: 6 Aa: 1 aa: 8 A: 4 a (Burnham, 1962). Genotypic 
frequencies in F2 populations are 25 AAAA: 60 AAAa: 46 
AAaa: 12 Aaaa: 1 aaaa: 80 AAA: 136 AAa: 64 Aaa: 8 aa: 64 
AA: 64 Aa: 16 aa. Substituting a for A and A for a in the 
above ratios gives the expected gametic and genotypic 
frequencies for an Aaa individual. The expected F2 
phenotypic ratios for Aaa and AAa are 407:169 (2.4:1) and 
551:25 (22.04:1), respectively. Therefore, as with CS, AAa 
genotypes are more useful in mapping studies than Aaa 
genotypes. 
In practice, theoretical ratios are never observed. 
One assumption that is never met is 50% of the gametes 
produced by a trisomie are n+1. A number of factors, 
including lagging univalents and reduced n+1 pollen 
competitiveness, reduce the relative frequency of n+1 
gametes. The decrease in the frequency of n+1 gametes is 
the most dramatic in the pollen. In Datura (Blakeslee and 
Belling, 1924), maize (Einset, 1943), and barley (Tsuchya, 
1959), virtually all the male gametes are haploid (n). In 
these species, the extra chromosome is transmitted through 
the ovules. This results in the frequency of tetrasomic 
and trisomie individuals in the F2 generation being less 
than predicted. 
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Soybeans are one exception to this rule. Male 
transmission rates of n+l gametes range from 24% for Tri A 
to 43% for Tri C (Palmer, 1976). These transmission rates 
are higher than the rates for other diploid species 
(Hermsen, 1970). Transmission rates of n+l gametes through 
the ovule also are relatively high in soybean. For 
trisomies A, B, and C, the rates were 34%, 45%, and 39%, 
respectively (Palmer, 1976). As the transmission rate of 
n+l gametes increases, the difference between the critical 
and noncritical ratios increases for AAa genotypes. As a 
result, the number of F2 individuals required to map a 
locus is less in soybean than in other species. 
Dosage effects 
Early studies of aneuploids found that the phenotypes 
of trisomie individuals were different from the phenotype 
of their disomic sibs. Blakeslee (1934) theorized that 
genie imbalance in the aneuploids produced the altered 
morphologies found in the aneuploids. The changes in gross 
morphology were the result of changes in the copy number of 
a large number of genes. 
Isozyme and protein analysis provide a more direct 
means of evaluating the effects of changes in gene dosage. 
McDaniel and Ramage (1970) used differences in the banding 
patterns of seed proteins resolved by polyacrylamide gel 
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electrophoresis (PAGE) to identify each of the primary 
trisomies in barley. In the 2n+l individuals, the extra 
chromosome had one of the three following effects on a 
given protein band: 1) the production of 40% to 50% more 
protein, 2} the appearance of a new band with a 
corresponding loss of a band with a similar mobility and, 
3) the suppression or loss of a specific band. All three 
types of gene action have been observed in subsequent 
studies. Different proteins and enzymes respond 
differently to changes in gene copy number (Birchler and 
Newton, 1981). 
As the copy number of a constitutively expressed gene 
increases, the amount of protein encoded by the gene is 
expected to increase. An additive model predicts that if a 
diploid has a protein level of 100%, trisomies would have a 
level of 150% and tetrasomics would have a level of 200%. 
Dosage effects permitted Carlson (1972) to assign nine of 
12 isozyme loci to a chromosome or a chromosome arm in 
Datura stramonium. The enzyme activity levels in the 
trisomies were not always 1.5 times higher than the levels 
in diploids. The values ranged from 1.35 to 1.62. 
Birchler and Newton (1981) studied protein expression by 
using two dimensional SDS PAGE. They concluded that, in 
most eases, protein levels are directly proportional to 
gene dosage. Similar dosage effects have been observed in 
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tomato (Tanksley, 1979), barley (McDaniel and Ramage, 
1970), and rice (Ranjhan et al., 1988). 
As gene copy number increases, enzyme or protein 
levels can decrease as well as increase. McDaniel and 
Ramage (1970) referred to this gene action as suppression. 
Birchler (1981) called this phenomenon the inverse effect 
because the level of alcohol dehydrogenase (ADH) in maize 
was inversely proportional to gene dosage. In an aneuploid 
series for chromosome 1, as the number of ADH loci 
increased, the enzyme activity level decreased. A locus or 
loci on the long arm of chromosome 1 (where ADH is located) 
counteracted the dosage effect. Birchler concluded that 
the reduced vigor of aneuploids could be due to decreased 
levels of some proteins. 
The inverse effect may explain the apparent loss of 
protein bands in trisomie individuals. In barley (McDaniel 
and Ramage, 1970) and sorghum (Suh et al., 1977), trisomie 
plants lacked bands that were present in disomic sibs. The 
inverse effect may reduce some protein levels below the 
threshold level required for detection by the stain. 
Some proteins do not vary in concentration with 
changes in chromosome constitution. Fobes (1980) found 
that one of five loci, Estl. showed no increase or decrease 
in activity in any of the tomato primary trisomies. Some 
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protein bands in maize also have the same type of 
expression (Birchler and Newton, 1981). 
For a given locus, several types of gene expression are 
possible. In many cases, dosage effects may be sufficient 
to distinguish trisomie individuals from disomic 
individuals and to assign loci to chromosomes. For other 
loci, it is necessary to use backcross or F2 populations to 
assign loci to chromosomes. 
Transposable elements 
Transposable elements are segments of DNA that possess 
the ability to move to new locations in the genome. Most 
transposable elements have a similar structure. The left 
and right ends are usually inverted repeats (Peterson, 
1987), although Bsl and Cinl in maize have direct repeats 
(Johns et al., 1985; Shepherd et al., 1982). The insertion 
of the element into a chromosome results in the duplication 
of the DNA sequence at the site of insertion. The length 
of the target site duplication varies among the different 
transposable element systems. Sequences within the body of 
the element are transcribed (Kunze et al., 1987) and the 
products are probably enzyme(s) that are involved in the 
transposition of the element. The internal portion of the 
element can vary considerably, even within a particular 
system (Oishi and Freeling, 1988). 
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The insertion of an element into a locus can interfere 
with the normal functioning of the locus. The element may 
block transcription of a gene (Goldberg et al., 1983) or 
the transcripts that are produced encode a defective gene 
product or no gene product (Gierl et al., 1985). The 
subsequent excision of the element from the locus has many 
consequences. If the element and the target site 
duplication are removed, normal gene function is restored 
(other consequences will be discussed later). As a result, 
a tissue, such as flower petals or the aleurone layer, is 
composed of groups of cells with impaired gene function and 
groups of cells with normal gene function. Phenotypically, 
the excision events appear as variegation. Transposable 
elements can be recognized by the variegated phenotypes 
that their activity produces. However, it should be 
pointed out that not all variegated phenotypes are the 
result of transposable elements (Nevers et al., 1986). 
Transposable element systems usually consist of two 
components, a regulatory or autonomous element and a 
receptor or nonautonomous element (Federoff, 1983). The 
regulatory element has all components necessary for 
transposition. In maize, the ^  element has open reading 
frames that probably encode a trans-acting function 
necessary for transposition (Pohlman et al., 1984). 
Transcripts that hybridize to ^  are present only in the 
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lines that have an active ^  (Kunze et al., 1987). 
Translation of the transcripts may produce a transposase 
enzyme. The terminal inverted repeats may be recognition 
sites for the transposase (Saedler and Nevers, 1985). When 
the open reading frames and inverted repeats are intact, 
the integration, excision, and transposition of the element 
are autonomously controlled. 
The second component of a transposable element system 
is a receptor or nonautonomous element. Receptor elements 
have lost one or more functions required for transposition 
but the structural features necessary for transposition 
remain intact (Pohlman et al., 1984). When there are no 
regulatory elements present in the genome, the receptor 
element produces a stable, recessive phenotype because 
transposition does not occur. The presence of a regulatory 
element in the genome from the same transposable element 
system can induce mutability at the locus where the 
receptor element resides (Gonella and Peterson, 1977). A 
diffusible "signal", which is probably an enzyme, enables 
the receptor element to transpose. The transposition of. 
the receptor element when a regulatory element is present 
results in a mutable phenotype. 
The source of receptor elements appears to be 
regulatory elements. Deletions or changes in the internal 
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sequence of a regulatory element can alter its ability to 
transpose. When a stable derivative of Ac-wx-m-9^ 
Ds-wx-m-9. was sequenced, the Ds element was missing 192 
contiguous base pairs (Federoff et al., 1983). Except for 
the deletion, the remaining sequences of the Ds element 
were identical to the progenitor M element. A summary of 
the relationship of Ds elements to 4ç is given by Doring 
and Starlinger (1984). In most cases, Ds elements appear 
to be deletion derivatives of A deletion can eliminate 
a portion or all of an open reading frame. As a result, 
the element cannot produce all of the enzyme(s) necessary 
for transposition. If the missing enzyme is supplied by a 
second element, the defective element can transpose. In 
order for a receptor element to be able to transpose, the 
terminal inverted repeats must be intact (Peterson, 1987). 
The internal DNA segments of a receptor element may not be 
essential for transposition. 
As mentioned earlier, the excision of a nonautonomous 
or autonomous element can have a number of consequences. A 
precise excision, which is the removal of the element and 
the target site duplication, restores the wild type DNA 
sequence. An imprecise excision changes the DNA sequence 
of a locus (Doring and Starlinger, 1984). Often, a portion 
of the target site duplication remains in the gene after 
the element excises. The extra base pair(s) may cause a 
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frameshift mutation or the addition of one or more amino 
acids to the protein encoded by the locus. Imprecise 
excisions also remove extra base pairs or change the 
sequence of the gene thereby creating new mutant alleles. 
If the element had resided in the regulatory portion of a 
gene, the timing of gene expression may be altered (Dennis 
et al.y 1988). The net effect of an imprecise excision is 
a change in the gene where the element was residing. Via 
this mutagenesis, transposable elements are believed to 
play a significant role in evolution (Schwarz-Sommer et 
al., 1985). 
Gross chromosomal changes can be produced by the 
activity of transposable elements. The Ac-Ds system in 
maize was discovered because of the specificity of Ds-
induced chromosome breakage. The breaks resulted in the 
loss of the chromosome segment distal to the element 
(McClintock, 1951). At least twelve Mu-induced mutations 
involving the va2 locus on the short arm of chromosome 9 in 
maize have been isolated and characterized by Robertson and 
Stinard (1987). Internal deletions have been associated 
with transposable element activity. Molecular analyses of 
a stable derivative of Adhl-S3034 (Taylor and Walbot, 1985) 
and bz-m2(Ac) (Dooner et al., 1988) found a relatively 
short deletion next to an intact element. Tam3 in 
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Antirrhinum maius generates several distinct types of 
deletions (Martin et al., 1988). Since many types of 
deletions are produced, probably more than one mechanism 
creates the deletions. 
Deletions are only one of many chromosomal 
rearrangements that can be produced by chromosome breakage. 
Translocations, inversions and duplications have been found 
in lines that contain transposable elements. McClintock 
(1950) found an inverted duplication that may have occurred 
during the transposition of a Ds element. A similar 
duplication and a dispersion of sequences has been 
associated with Tam3 activity (Martin et al., 1988). Since 
transposable elements cause chromosome breaks, it is not 
surprising that a number of different rearrangements can 
occur. 
Variegation often, but not always, is an indication of 
the presence of an active transposable element. Genetic 
analyses should be conducted to ascertain the cause of the 
variegated phenotype. Peterson (1960) studied a pale green 
mutable system (pg™) in maize. The mutable plants had dark 
green stripes on leaves that were a pale-green color. 
Populations segregating for mutability could be divided 
into two distinct categories. In the first category, F2 
progenies segregated 3 green; 1 mutable and a very low 
frequency of stable pale-green plants (es®) was present. A 
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single autonomous In (Enhancer) element was present at the 
Pa locus and this gave the 3:1 ratio. In the second 
category, a ratio of 12 green: 3 mutable: 1 pale-green was 
observed in the F2 generation. This modified ratio 
indicated that two independent factors were segregating. A 
nonautonomous element % (Inhibitor) was residing at the £g 
locus. When an individual was homozygous for pa-I and En 
was present in the genome, a variegated phenotype was 
produced. In the absence of En, pg-I was stable and a 
pale-green phenotype resulted. To confirm this hypothesis, 
stable, pale-green plants were crossed to green En-
containing stocks. In the F2 generation, mutable 
phenotypes were observed. The experiment demonstrated that 
a nuclear factor, (Enhancer), could control mutability 
at a locus. It also showed that En could regulate an 
independent factor, I, located elsewhere in the genome. 
Many mutable phenotypes involving many different 
markers have been studied. There are many facets of 
transposable element activity including changes of state, 
cycling, modifiers, target site specificity, changes in 
copy number, and the effect of the environment on the 
activity of the element. The excellent, detailed reviews 
by Fincham and Sastry (1974), Federoff (1983), Nevers et 
al. (1986) and Peterson (1987) are recommended for 
18 
additional information on these subjects. 
Transposable elements in soybean 
Soybean has flowers that are shades of purple, white, 
or near-white (Palmer and Kilen, 1987). Lines with white 
flowers are homozygous for a recessive allele at the W1 
locus (Woodworth, 1923). The enzyme encoded by the W1 
locus is not known. The wlwl genotype is characterized by 
the complete absence of purple pigmentation. Dominant and 
recessive alleles at the W4 locus produce purple and near-
white or near-purple flowers, respectively (Hartwig and 
Hinson, 1962). Both near-white and near-purple colors have 
a w4w4 genotype. Near-white flowers have purple color only 
at the base of the standard petal. Near-purple flowers 
(also called dilute purple) have more purple in the throat 
of the flower but can be distinguished easily from wild-
type and near-white flowers. 
The expression of the w4w4 genotype is modified by a 
third locus, W3. The intensity of the purple color in 
W1 W4 phenotypes also is affected by the W3 locus. In 
both instances, the W3 locus is an intensifier of flower 
color. In all genotypes except wlwl the presence of W3_ 
produces a darker purple color than w3w3 (Hartwig and 
Hinson, 1962). The flower color in wlwl genotypes is white 
regardless of the alleles present at the W3 and W4 loci. 
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A W2 locus was described by Matsuura (1933). The 
relationship of this locus to Wl/ W3/ and W4 is not known. 
Mutants at the W2 locus have been lost. 
A soybean line, the "Asgrow mutable" or w4-m (w4-
mutable), has plants that have entirely purple, and 
entirely near-white flowers and/or flowers with purple and 
white sectors (Groose et al., 1988). The mutant was found 
by H. D. Weigelt in the Asgrow Seed Company breeding 
nursery in Stonington, XL. Four of 60 Fy progenies derived 
from a single F4 plant segregated 3:1 for purple and 
mutable flowers. The other 56 families bred true for 
purple flower color (Groose et al., 1988). Other lines 
derived in the F3 generation from the same cross also 
contained mutable flowers (Reid Palmer, Iowa State Univ., 
pers. comm.). 
The w4-m line was found in a population developed from 
a two-parent cross. Each of the lines had the wild type 
allele at the W4 locus (Groose et al., circa 1989). The 
transposable element may have been active in one or both of 
the parental lines. Insertion of the element into the W4 
locus provided a dramatic, nondetrimental reporter. If the 
element had inserted into another locus, the element may 
not have been recognized. 
The variegated phenotype was due to mutability at the 
W4 locus. Inheritance studies demonstrated that the 
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mutable phenotype is recessive to W4 (purple flower) but is 
dominant to w4 (near-white flower). The mutable allele was 
designated w4-mutable (w4-m) (Groose et al., circa 1989). 
No molecular evidence is available to demonstrate that 
the w4-m allele is a transposable element. However, many 
features of w4-m are characteristic of transposable 
elements in other plant species. The first is the 
variegated flower phenotype. When an element inserts into 
a locus, the expression of a dominant allele is suppressed 
and a recessive phenotype is expressed (Peterson, 1987). 
When the element excises from the locus, gene function may 
be restored (Federoff, 1983). The presence of purple 
sectors on a white background indicates that the W4 locus 
is changing from a nonfunctional condition to a functional 
condition. This may be caused by the excision of the 
element from the W4 locus. 
Excision events occur relatively frequently. In the 
progeny of w4-m w4-m plants, approximately 10% to 15% of 
the individuals have entirely purple flowers. Based on 
this reversion frequency and testcross data, Groose et al. 
(circa 1989) estimated that the reversion rate per allele 
per generation was 5 to 6%. This figure may be inflated 
because one reversion event can result in more than one 
revertant progeny if the reversion takes place early in 
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development. 
A minimum reversion frequency can be calculated. In 
an experiment designed to isolate the element at other 
loci, Groose and Palmer (1987) planted 3 0 seed each from 
2000 plants with mutable flowers in progeny rows. These 
plants represented 120,000 gametes. At least one germinal 
revertant was found in 1599 of the 2000 progeny rows. This 
represents a minimum of 1599 revertant gametes. Based on 
the results of this experiment, a minimum reversion 
frequency per allele per generation is 1.33% (1599/120,000 
X 100%). The reversion rate calculated here probably 
represents an underestimate since more than 1599 
independent germinal reversions likely occurred. Thus, the 
actual value probably lies between 1.33% and 6%. It should 
be noted that sublines with varying reversion rates can be 
isolated so the values for the rate of reversion will vary. 
In the experiment designed to generate new mutants, 
Groose and Palmer (1987) selected 1599 revertant plants. 
Each of the revertant plants was selected from a different 
plant-progeny row. The rationale for the experiment was 
that the transposable element had left the W4 locus in 
germinal revertant plants and had inserted elsewhere in the 
genome. The reinsertion of the element would generate 
mutations at other loci. Any new mutations would appear in 
the selfed progeny of the revertant plants. Fifteen new 
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mutations were found, thereby giving a mutation frequency 
of approximately 1%. In a similar experiment, maize lines 
with the Mutator transposable element had a mutation rate 
of 6.4% in the outcross progeny of a Mu-containina line 
(Robertson, 1978). 
Partially functional revertants have been identified 
in maize. A number of pale derivatives have originated 
from the a2 mutable allele that contains Eq (Fowler and 
Peterson, 1974). The w4-m allele reverts to wild type 
quite frequently but not all of the revertants are fully 
functional. At least six pale mutations have been found 
in the w4-m line (Susan Schulte, unpublished thesis 
research, Iowa State Univ.; Reid Palmer, pers. comm.; 
author, unpublished data). 
Genetic and molecular analyses of the w4-m have only 
just begun. Phenotypically and genetically, the mutable 
flower phenotype appears to be the result of the activity 
of a transposable element at the W4 locus. Ultimately, 
molecular analysis will prove or disprove this hypothesis. 
Pull et al. (1978) identified soybean lines that 
lacked seed lectin (Le-). The Le- mutant was inherited as 
a simple recessive at the Le locus (also called Lei) (Orf 
et al., 1978). In mid-maturation stage embryos, the level 
of lectin gene transcripts in Le+ genotypes was 10,000 
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times the level found In Le- genotypes (Goldberg et al., 
1983). The significantly reduced Le mRNA levels led 
directly to the lack of seed lectin in Le- lines. 
The lectin gene was cloned from a Le+ line soybean 
variety, 'Essex', and a Le- soybean line, 'Sooty.' 
Restriction maps and R-loops indicated that the Le gene in 
Sooty contained a 3.4 kb DNA insertion (Goldberg et al., 
1983). The presence of the insert reduced the levels of Le 
mRNA, thereby reducing the amount of seed lectin. Six 
lectinless accessions of the wild annual soybean, G. soia. 
also contained a DNA insertion at the same location in the 
Lei gene (Vodkin and Rhodes, 1986). 
The 3.4 kb insert from the Le gene in Sooty was cloned 
and sequenced (Vodkin et al., 1983; Rhodes and Vodkin, 
1985). The insert had many molecular features 
characteristic of active transposable elements found in 
other plant species. Rhodes and Vodkin (1985) called the 
3.4 kb insert Taml (transposable element Glycine max). 
The insertion of a transposable element results in 
target site duplications (Nevers et al., 1986). Analysis 
of the DNA sequence of Taml and the lectin gene showed that 
a 3 bp sequence of the lectin gene, CTA, had been 
duplicated (Vodkin et al., 1983). The transposable element 
Taml in snapdragon and En in maize also generate a 3 bp 
duplication at their insertion site (Vodkin and Rhodes, 
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1986). 
A second feature of transposable elements is the 
presence of terminal inverted repeats (Peterson, 1987) or, 
in the case of Cinl. direct repeats (Shepherd et al., 
1982). The two arms of Toml were inverted, imperfect 
repeats. Repetitive palindromic sequences of approximately 
54 bp were present in the left arm. The right and left 
arms contained 2 and 13 hairpin structures, respectively. 
The stems of the hairpins contained similar 16 to 18 bp 
repeats and, within the repeats, a 7 bp sequence was 
conserved. This 7 bp sequence occurred 33 times in the 
element (Vodkin and Rhodes, 1986). The 54 bp repeat, the 
conserved, repetitive 7 bp sequence, and the 3 bp target 
site duplication were considered to be the identifying 
characteristics of the Toml element (Rhodes and Vodkin, 
1985). 
To date, it has not been demonstrated that Toml can 
transpose. In an attempt to find an active form of the 
element, Rhodes and Vodkin (1988) isolated Taml-related 
sequences from the variety Sooty. The largest of the 
sequences was 12 kb in length. Each of the newly isolated 
Tqm elements (Tgm2 to Tgm7), as well as Toml. appeared to 
be a deletion derivative of a larger element. This may 
account for the apparent stability of Toml. Deletion 
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derivatives of in maize (Ds elements) cannot transpose 
or transpose only in the presence of a fully functional 
element (McClintock, 1949; Federoff et al., 1983). 
Deletion derivatives of functional elements are common 
in the genome of many maize and Antirrhinum maius lines. 
There may be up to 50 or more copies of element-related 
sequences. Rhodes and Vodkin (1988) estimate that there 
are 20 or more copies of Toml-related sequences in the 
genome of soybean. 
Further evidence that Tcml and Toml-related sequences 
are members of a transposable element family comes from 
comparisons of the DNA sequence of Toml with sequences of 
other known transposable elements. The elements Taml and 
Tam2 from Antirrhinum. En from maize, and Tcrml have very 
similar termini, repetitive palindromic sequences in the 
arms, and each produces 3 bp target site duplication 
(Vodkin and Rhodes, 1986). An open reading frame (ORF) in 
Tcrm4 and TcrmS and ORFl of En have 39% amino acid homology 
(Vodkin and Rhodes, 1988). One reason for the apparent 
homology may be that the mode of transposition is similar 
for the different elements. 
A spontaneous mutant in the soybean variety 'Lincoln•, 
Y18-mutable (Y18-m) or T225M, was studied by Peterson and 
Weber (1969). The mutable allele was recessive to wild 
type (Y18) but was dominant to stable yellow fyl8) derived 
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from the Y18-m line. Two different mutable phenotypes at 
the Y18 locus were designated Ym® (early mutating) and Ym^ 
(late mutating). In Ym® phenotypes, the mutational event 
took place early in the development of the leaf and 
resulted in large yellow sectors within green leaf tissue. 
The late mutations in Ym^ plants produced small yellow 
sectors on the green leaf. Peterson and Weber (1969) 
suggest that Ym® and Ym^ may be analogous to the states 
observed with En. 
The vl8-m allele appears to be unstable, that is, it 
changes to via or Y18. Up to 60% of the gametes produced 
by Y18-m genotypes have the genetic constitution vl8. The 
rate of change of Y18-m to Y18 is relatively low. In 
maize, an active En at the al locus fal™(PB"PU)) produces 
more null derivatives than functional derivatives 
(Peterson, 1970). 
One unusual feature of vl8-m is the change of a 
dominant phenotype to a recessive phenotype. Mutability 
produced by an element residing at a locus usually results 
in changes from a recessive phenotype to a dominant 
phenotype. However, this atypical mutability can be 
produced by a transposable element (Nevers et al., 1986). 
Sheridan and Palmer (1977) investigated the effect of 
temperature on the timing of the mutability of Y18-m. The 
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number and size of sectors on the first three trifoliolate 
leaves were measured on plants grown at either 19C or 29C. 
The higher temperature resulted in a decrease in the number 
of sectors but the average size of the sectors increased 
(Sheridan and Palmer, 1977). This indicated that higher 
temperatures caused the mutation to take place earlier in 
ontogeny. 
Several soybean plant introductions have a variegated 
seed coat pattern that features black concentric stripes or 
rings on a brown seedcoat (Bernard and Weiss, 1973). The 
allele conditioning the mutability, r-m, is recessive to 
the R allele, which produces a black seedcoat. Lines 
homozygous for the recessive allele, r, have brown seedcoat 
(Weiss, 1970). The r-m allele is dominant to r. The 
genetic mechanism controlling the mutability is under 
investigation. Weiss (1970) reported that "in no instance 
were brown segregates found without the black concentric 
striping pattern". However, Chandlee and Vodkin (1988) 
found somatic and germinal revertants among the progeny of 
mutable genotypes. The revertant types were not stable. 
They concluded that the £-in allele contains a transposable 
element. The changes in expression were the result of an 
element that cycles through active and inactive phases. 
Two additional variegated leaf patterns, vlvl and 
v2v2. have been found in soybean (Woodworth, 1933; 
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Honeycutt, 1987). A test for the presence of a 
transposable element in v2v2 was negative. Approximately 
80,000 progeny of v2v2 plants were screened for revertants 
and none were found. 
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CODOMINANT MARKERS BY USING PRIMARY TRISOMICS 
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ABSTRACT 
The development of protein electrophoresis and 
molecular techniques have provided researchers with 
numerous genetic markers that usually have codominant 
alleles. To facilitate mapping studies involving primary 
trisomies and codominant markers, formulae to calculate 
expected critical phenotypic and genotypic ratios were 
developed. The ratios take into account the relative 
transmission rates of a and n+1 gametes through the pollen 
and the ovule. A method of calculating the minimum sample 
size required to distinguish between critical and 
noncritical segregation ratios is given. With 
simplification the formulae can be applied to mapping genes 
with dominant and recessive alleles by using primary 
trisomies. 
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INTRODUCTION 
In many plant species, primary trisomies have been 
used to assign genes and linkage groups to specific 
chromosomes and to consolidate linkage groups (Burnham, 
1962). A primary trisomie has the full complement of 
chromosomes plus an extra whole chromosome (Khush, 1973). 
Trisomies also have been used to study dosage effects of 
individual genes, chromosome segments, or entire linkage 
groups (Birchler, 1979 and 1981; Birchler and Newton, 
1981). 
In soybean (Glycine max (L.) Merr.), improving 
technologies in the areas of protein electrophoresis (Cardy 
and Beversdorf, 1984) and restriction fragment length 
polymorphism mapping (Apuya et al., 1988) have and will 
continue to provide a large number of codominant markers. 
Using primary trisomies in soybean for mapping codominant 
markers to chromosomes necessitates the development of new 
expected segregation ratios. In the past, morphological 
markers have been utilized in mapping studies and these are 
usually controlled by genes with dominant and recessive 
alleles (Palmer, 1984). The expected trisomie segregation 
ratios for the two types of markers are significantly 
different. 
The transmission rate of n+1 gametes through the male 
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and female gametes in soybean is relatively high. The 
female transmission rates of n+1 gametes were 34%, 45%, and 
39% for trisomies A, B, and C, respectively. The 
corresponding male transmission rates for trisomies A, B, 
and C were 27%, 22%, and 43% (Palmer, 1976). These rates 
are much higher than in diploid alfalfa (Kasha and 
McLennan, 1967) and Lotus (Chen and Grant, 1968). Most 
species have very low or no transmission of the n+1 gametes 
through the pollen (Khush, 1973). 
This high rate of n+1 gamete transmission and the use 
of codominant markers in mapping studies with primary 
trisomies in soybean produces different phenotypic and 
genotypic ratios. The objective of this paper is to 
formulate general formulae that will facilitate the mapping 
of codominant markers and will allow for the transmission 
of n+1 gametes through the pollen. These formulae can be 
simplified for use with genes with dominant and recessive 
alleles and can be used with any transmission rate of n+l 
gametes in both the pollen and the ovule in any species. A 
method to calculate the minimum sample size required to map 
genes by using primary trisomies also is presented. 
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SEGREGATION TYPES AND THE RESULTING GAMETIC ARRAYS 
In a heterozygous primary trisomie, a gene can have 
either an A^A^A^ genotype or an A1A2 genotype. The F2 
progeny of each of the heterozygotes will have 
significantly different phenotypic and genotypic ratios. 
The A1A1A2 genotype produces a characteristic, non-
Mendel ian segregation ratio called a trisomie or critical 
segregation ratio while the A1A2 genotype produces a 1:2:1 
Mendelian or noncritical segregation ratio. Each gene will 
exhibit a non-Mendelian ratio for only one of the set of 
primary trisomies. Analysis of the segregation ratios in 
the F2 progeny of each primary trisomie provides a means of 
assigning genes and linkage groups to chromosomes and, in 
the process, testing the independence of linkage groups 
(Hermsen, 1970). 
The non-Mendelian ratio produced by selfing an A1A1A2 
individual is dependent on the distance between the 
centromere and the locus under analysis. Chromosome 
segregation (CS) assumes that no crossing over occurs 
between the locus and the centromere and that one half of 
the male and female gametes are n-fl and the other half are 
n (Khush, 1973). Four types of gametes are generated by CS 
in the following ratios: 1 A^A^; 2 A^A^: 2 A^: 1 A2. In 
practice, a number of meiotie and post-meiotic factors 
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reduce the relative frequencies of the n+i gametes. 
Crossing over between the centromere and a locus 
results in the production of A2A2 gametes and, 
consequently, the production of A2A2A2 and A2A2A2A2 
individuals among the progeny of self-pollinated A1A1A2 
plants. A second segregation type, complete eguational 
(Mather, 1935) or maximal eguational segregation (MES) 
(Burnham, 1962) predicts the frequency of recessive 
individuals. Maximal eguational segregation requires the 
following assumptions: 1) the three chromosomes pair as a 
trivalent, 2) one effective crossover between each 
chromosome, 3) an equal frequency of adjacent and alternate 
disjunction and, 4) the chromosomes segregate at random 
with two chromosomes going to one pole and the third 
chromosome going to the second pole (Khush, 1973; Burnham, 
1962). The gametic frequencies produced by MES are 5 A^Ai: 
6 A1A2: 1 A2A2: 8 A^: 4 A2. One-quarter of the n+1 gametes 
are produced by double reduction. Gametes formed by double 
reduction have two alleles from sister chromatids (Khush, 
1973). Only the A2A2 gametes can be identified as a 
product of double reduction since A^A^ gametes can be 
produced by double reduction or by chromosome assortment 
during meiosis. 
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CALCULATION OF SEGREGATION RATIOS 
The gametic arrays for genes with codominant alleles 
(designated A^ and A2) produced by chromosomal segregation 
and maximal equational segregation are 1 A^A^: 2 A2A2: 2 
A]^ ! 1 A2 and 5 A^A^ ! 6 ^ 2^2 * ^ ^ 2^2 * ® ^ ^ 2 ' 
respectively. Both CS and MES assume that 50% of the 
gametes will be n+1 and 50% will be n. A number of 
factors, including univalent loss or misdivision, n+1 
gametes with no or reduced function, zygote or embryo 
lethality, and lowered germination rates of aneuploids 
reduce the effective transmission rate of n+1 gametes and 
especially the male transmission rate. 
The theoretical gametic frequencies must be adjusted 
to reflect the observed transmission rates of the n+1 
gametes in the male and female. Actual gametic frequencies 
are calculated by multiplying the n+1 classes by X (the 
relative transmission rate of n+1 gametes) and by 
multiplying the n classes by 1-X (the relative transmission 
rate of n gametes). This gives a ratio of (X) Aj^A^: 2(X) 
A1A2: 2(1-X) A^: (1-X) A2 for CS, and 5(X) A^Ai: 6(X) A^Ag: 
(X) A2A2: 8(1-X) A^: 4(1-X) A2 for MES. Genotypic and 
phenotypic ratios then can be calculated by using a genetic 
checkerboard or by multiplying probabilities. General 
formulae to facilitate calculating expected genotypic and 
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phenotypic ratios are given in Tables 1 through 4. The 
effective transmission rate of male and female n+1 gametes 
are represented by M and F, respectively. 
For markers with codominant alleles, the application 
of the formulae in Tables 1 through 4 is straightforward. 
The alleles in the trisomie and disomic parents are 
designated and A2, respectively. The transmission rates 
of n+1 gametes through the pollen and ovule (M and F) 
expressed as a decimal can be substituted into the 
equations. Expected genotypic frequencies are calculated 
by using the formulae in Tables 1 and 2. Formulae for 
calculating expected phenotypic ratios are given in Tables 
3 and 4. 
The equations can be adapted to calculate expected 
ratios for genes with dominant and recessive alleles. If 
the dominant allele is present in the trisomie parent, A 
can be substituted for A^ and a for A2. If the recessive 
allele is present in the trisomie parent, A^ and A2 are 
designated a and A, respectively. Genotypic frequencies 
can be calculated by using the formulae in Tables 1 and 2. 
Tables 3 and 4 contain formulae for calculating phenotypic 
ratios. 
In many species, there is no transmission of n+1 
gametes through the pollen. To calculate the expected 
phenotypic and genotypic frequencies, set M = 0. All MF 
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terms are eliminated and the formulae can be simplified. 
This results in the elimination of all tetrasomic classes. 
If the trisomie and tetrasomic individuals can be 
distinguished from each other and their disomic sibs, Khush 
(1973) recommends analyzing the segregation ratios within 
each of the classes. By subdividing the population, more 
information is obtained since the critical ratios in each 
class are significantly different from the noncritical 
ratio of 1:2:1 (see Tables 1 and 2). Regardless of the 
transmission rate of n+1 gametes, the ratio within a class 
remains constant. Only the genotypic and phenotypic ratios 
in the entire population are dependent on the transmission 
rate of n+1 gametes. Therefore, if the population is large 
enough and the tetrasomic, trisomie, and disomic classes 
can be recognized, one does not need to know the 
transmission rate of the n+1 gametes because the ratio 
within a class does not depend on the transmission rate. 
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CALCULATION OF MINIMUM SAMPLE SIZES 
With dominant-recessive markers, two phenotypic 
classes can be distinguished. Mather (1951) gives two 
methods that can be used for calculating the minimum sample 
size required to distinguish between a disomic and a 
trisomie segregation ratio. A third method was presented 
by Hanson (1959). 
With codominant markers, three phenotypic classes are 
present in the F2 generation. A method for calculating 
minimum sample sizes required to distinguish between a 
critical and noncritical segregation ratio was developed 
by Drs. P. Cox and E. Pollak, Iowa State University, Ames, 
lA 50011. A summary of their method follows: 
1. The disomic F2 segregation ratio is :D2:D3. 
2. The corresponding trisomie F2 ratio is Ti:T2:T3. 
3. Calculate a^ (where a is a constant). 
a2 = X Ti + /D2 X Tj X 
4. The sample size, n, can be determined by substituting 
values for a^ and into the following equation. The 
value for is dependent on the degrees of freedom 
(df) and the desired probability level (a ). 
n = x2(df,a ) 
In Table 5, the minimum sample sizes necessary to 
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distinguish between a critical and noncritical ratio are 
given for selected transmission rates of n+1 gametes. 
When n+1 gametes are not transmitted, the expected 
ratio for dominant-recessive traits is 8:1 and for 
codominant markers, 4:4:1, and both MES and CS produce 
these ratios. For codominant markers, the sample size 
required to distinguish between trisomie and disomic 
segregation is less than the sample size required for 
dominant-recessive markers (101 versus 112; Table 5). 
However, at the other extreme, 50% transmission of n+1 
gametes, much smaller sample sizes are needed because the 
ratios become more extreme. Using a marker with dominant 
and recessive alleles requires a smaller F2 sample size 
than a marker with codominant alleles. In the case of MES, 
a 1:2:1 ratio is tested against a 9:26:1. In both ratios, 
the first class constitutes one-quarter of the total 
observations and no information is gained from analyzing 
these classes. Therefore, only 75% of the individuals are 
providing useful information. With dominant-recessive 
markers, the first two classes are pooled so this effect is 
not apparent. 
When there is no transmission of n+1 gametes, 
codominant markers are more efficient for mapping studies. 
However, at 50% transmission of n+1 gametes, dominant-
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recessive markers are more efficient. Therefore, at some 
intermediate transmission rates, the two types of markers 
will have an equal efficiency. When a researcher is using 
codominant markers, the required sample sizes should be 
calculated for both codominant and dominant-recessive 
markers. If markers with dominant and recessive alleles 
are more efficient, the A2_ and ^1^2— classes should be 
pooled before the chi-square is calculated. 
It should be noted that AAa genotypes are much more 
useful in mapping studies with primary trisomies than Aaa 
genotypes (Hermsen, 1970). The critical ratios in the F2 
progeny of AAa plants deviate from the noncritical ratio 
regardless of the transmission rate of n+i gametes. In 
contrast, as the frequency of n+1 gametes increases, the F2 
critical ratio approaches the noncritical ratio for Aaa 
genotypes. With 50% transmission of n+1 gametes, the 
noncritical and critical ratios are identical (3:1). For 
this reason. Table 5 includes only the sample sizes 
required for AAa genotypes. For Aaa genotypes, the minimum 
sample size required is 112. This value approaches 
infinity for high rates of n+1 gamete transmission. 
If each genotype can be identified with certainty, the 
mapping of a locus or loci to a chromosome can be 
simplified. The identification of one individual with 
three or four alleles indicates that the gene is on the 
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extra chromosome. From Tables 1 and 2, the frequency of 
trisomie and tetrasomic individuals in a population is 
M+F-2MF for both MES and CS. Based on the expected 
frequency of the aneuploid individuals, the sample size 
required to detect a given number of trisomie and 
tetrasomic individuals can be calculated by. using one of 
the methods presented by Sedcole (1977). 
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SUMMARY 
The formulae for calculating expected genotypic 
frequencies and minimum sample sizes originally were 
developed for use with codominant isozyme or RFLP markers 
in soybean. The formulae can be used with any type of 
genetic marker and any transmission rate of n-f-l gamete 
through the ovule and pollen. The results presented here 
will facilitate studies involving primary trisomies. 
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Table 1. Expected genotypic frequencies in the F2 progeny 
of an A1A1A2 individual assuming chromosomal 
segregation 
Genotype Frequency Relative Ratio of Ratio of 
within an frequency A^—: A2_+AiA2_: 
F2 population within a A]^_A2_: A2_ 
class ko-
Tetrasomics 
AiA^A^Ai (MF)/9 1/9 
A1A1A1A2 4(MF)/9 4/9 
A^AiAgAg 4(MF)/9 4/9 
Total (MF) 1:8:0 1:0 
Trisomies 
AiAiAi [2(M-2MF+F)]/9 2/9 
A1A1A2 [5(M-2MF+F)]/9 5/9 
A1A2A2 [2(M-2MF+F)]/9 2/9 
Total (M-2MF+F) 2:7:0 1:0 
Disomies 
AiAi [4(l-M)(l-F)]/9 4/9. 
A1A2 [4(l-M)(l-F)]/9 4/9 
A2A2 [(1-M)(l-F)]/9 1/9 
Total (1-M)(1-F) 4:4:1 8:1 
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Table 2. Expected genotypic frequencies in the F2 
progeny of an A^AiAz individual assuming 
maximal equational reduction 
Genotype Frequency 
within an 
F2 population 
Relative 
frequency 
within a 
class 
Ratio of 
A 2— ' 
A"i Ao—• • 
A2-
Ratio of 
Ai—+AiAn_: 
A2-
Tetrasomics 
AiA^A^Ai [25(MF)]/144 25/144 
[60(MF)]/144 60/144 
A1A1A2A2 [46(MF)]/144 46/144 
A1A2A2A2 [12(MF)3/144 12/144 
A2A2A2A2 [(MF)]/144 1/144 
Total (MF) 25:118: 1 143:1 
Trisomies 
AiAiAi [40(M-2MF+F)]/144 10/36 
A1A1A2 [68(M-2MF+F)]/144 17/36 
A1A2A2 [32(M-2MF+F)]/144 8/36 
A2A2A2 [4(M-2MF+F)3/144 1/36 
Total (M-2MF+F) 10:25:1 35:1 
Disomies 
AiAi [64(1-F)(1-M)3/144 4/9 
A1A2 [64(1-F)(1-M)3/144 4/9 
A2A2 [16(1-F)(1-M)3/144 1/9 
Total (1-F)(1-M) 4:4:1 8:1 
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Table 3. Expected phenotypic ratios in an F? population 
when the aneuploid classes cannot be identified, 
assuming chromosomal segregation 
Phenotype Frequency 
Codominant marker 
A_ 
Aa 
[MF-2M-2F+4]/9 
[-2MF+3M+3F+4]/9 
[(1-F)(l-M)]/9 
AAa genotype with a dominant-recessive marker 
A [M+F+8-MF]/9 
a [(1-M)(l-F)]/9 
Aaa genotype with a dominant-recessive marker 
A [2M+2F+5-MF]/9 
a [-2M-2F+4+MF3/9 
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Table 4. Expected phenotypic ratios in an Fn population 
when the aneuploid classes cannot be identified, 
assuming maximal equational reduction 
Phenotype Frequency 
Codominant marker 
A _ [9MF-24M-24F+64]/144 
Aa [-18MF+36M+36F+64]/144 
a [9MF-12M-12F+16]/144 
AAa genotype with a dominant-recessive marker 
A [12M-12F+128-9(MF)]/144 
a [9MF-12M-12F+16]/144 
Aaa genotype with a dominant-recessive marker 
A [-9MF+24M+24F+80]/144 
a [9MF-24M-24F+64J/144 
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Table 5. Minimum sample sizes necessary to distinguish 
between a disomic and trisomie segregation ratio 
( 01 = 0.05) 
Frequency of n+1 gametes 
Frequency 
of 0.0 0.125 0.25 0.375 0.50 
n+1 Marker , 
gametes Type MES® CS° MES CS MES CS MES CS MES CS 
0.0 101 101 102 102 99 95 93 84 84 70 H D-R° 112 112 93 88 78 70 66 56 56 45 
0.125 C 100 97 95 87 87 75 77 63 
D-R 80 72 68 59 59 49 51 40 
0.25 C 88 77 80 66 71 55 
D-R 60 50 52 43 46 36 
0.375 C 72 57 64 48 
D-R 46 37 41 32 
0.50 C 57 42 
D-R 37 28 
®MES - Maximal equational segregation. 
^CS - Chromosomal segregation. 
°C - A'gene with codominant alleles. 
^D-R - A gene with dominant and recessive alleles. 
51 
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ABSTRACT 
The five known primary trisomies A, B, C, D, and S in 
soybean (Glycine max (L.) Merr.) were used in an attempt to 
assign isozyme markers to chromosomes. Only one locus. 
Dial (diaphorase), was assigned to a chromosome. Dial was 
linked to the extra chromosome in Trisomie D. In all other 
tests, the loci were not associated with a primary 
trisomie. 
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INTRODUCTION 
The number of cytological tools available in soybean 
(Glycine max (L.) Merr.) for assigning genes and linkage 
groups to their respective chromosomes is limited. To 
date, five of a possible 20 primary trisomies (Palmer, 
1976; Gwyn, 1984; Sadanaga and Grindeland, 1984) and six 
translocations (Palmer and Kilen, 1987) have been 
characterized. Three of the six translocations involve the 
satellite chromosome. Palmer (1984) and Sandanaga and 
Grindeland (1984) used translocations to determine that 
linkage group 8 was located on the satellite chromosome and 
the gene order was st5. wl. wm. msl. and the breakpoint. 
Many morphological markers have been tested for linkage 
with three or more of the known primary trisomies (Palmer, 
1984). One gene conditioning a variegated leaf phenotype, 
V2. was located on the extra chromosome in Trisomie A 
(Honeycutt, 1987). No additional genes have been assigned 
to a chromosome by using primary trisomies. 
The development of starch and polyacrylamide gel 
electrophoresis techniques has provided researchers with a 
number of isozyme markers (Kiang and Gorman, 1983; Cardy 
and Beversdorf, 1984a). Eight isozyme markers have been 
assigned to four linkage groups (Palmer and Shoemaker, 
1987) but only Adhl has been linked to a gene, Wl, that has 
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been located on a chromosome (Kiang and Chiang, 1987). The 
objective of this research was to test for linkage between 
isozyme markers and primary trisomies. This is the first 
report of the use of trisomies in soybean to locate isozyme 
markers to specific chromosomes. Both positive and 
negative results will provide information that is useful 
for the construction of a soybean genetic map. 
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MATERIALS AND METHODS 
Each of the primary trisomies A, B, C, D, and S is 
maintained by Dr. R. G. Palmer at Iowa State University, 
Ames, lA. Selfed seed of 41-chromosome plants from each 
trisomie were grown on germination paper. Root tips were 
taken for chromosome counts according to the method of 
Palmer and Heer (1973). All of the 41- and 42-chromosome 
plants were transplanted into the field. Aneuploid plants 
were crossed to two disomic soybean lines. These lines 
were selected so that as many loci as possible would be 
segregating in the F2 generation. All crosses were made in 
Ames, lA. 
The seed were grown on germination paper. A sample 
of the cotyledon from each seedling was taken for 
electrophoretic analysis to confirm hybridity. Root tips 
were taken from each plant for chromosome counts. All 41-
chromosome plants were transplanted into pots in the 
greenhouse or into the field. In addition, two 40-
chromosome sibs were grown in the same environment to 
provide control populations. Each of the 41- and 40-
chromosome plants was single-plant threshed. 
The starch gel electrophoresis procedures of Cardy and 
Beversdorf (1984a and b) were used to assay for eight 
enzyme systems: aconitase (Griffin and Palmer, 1987), 
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diaphorase (Kiang and Gorman, 1983), endopeptidase (Griffin 
and Palmer, 1987), isocitrate dehydrogenase (Kiang and 
Gorman, 1985), malic enzyme (Cardy and Beversdorf, 1984a), 
phosphoglucomutase (Kiang and Gorman, 1983) and 
phosphoglucose isomerase (Chiang et al., 1987). These 
enzyme systems provided 11 variable loci; however, not all 
of the loci were tested with all of the primary trisomies. 
In the calculation of the minimum sample size needed 
to distinguish between a disomic and trisomie segregation 
ratio, a value of 25% was assumed for the transmission rate 
of n+1 gametes through the ovule and pollen. The required 
sample size, assuming maximal equational segregation and 
codominant markers, was 88 (Hedges, 1989). This is a 
conservative estimate since the transmission rates of n+1 
gametes are usually higher than 25% in soybean. In 
addition, a maximal equational segregation ratio is closer 
to a disomic ratio than a ratio produced by chromosomal 
segregation. Khush (1973) indicates that observed F2 
segregation ratios are closer to the ratios produced by 
chromosomal segregation. 
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RESULTS AND DISCUSSION 
In soybean, some markers do not have a Mendelian 
segregation rate because the relative frequency of one 
homozygous class is reduced (for example, see vlBvlB in 
Palmer, 1984). When this occurs, the segregation ratios in 
the progeny of 41-chromosome plants should be tested 
against the segregation ratio in the progeny of 40-
chromosome plants. For this reason, 40-chromosome 
plants were saved and F2 segregation ratios were 
determined. In all instances but one (ME in the cross of 
Trisomie B X 'Seneca'), the markers exhibited the expected 
1:2:1 ratio (data not shown). When a second F2 population 
from the same cross was analyzed, a 1:2:1 segregation ratio 
for ME was observed. Therefore, the aberrant ratio was a 
chance deviation from the expected ratio. 
The F2 segregation ratios in the progeny of 41-
chromosome plants were tested against a 1:2:1 ratio (Tables 
1 through 5). In three instances, the observed F2 ratio 
was significantly different from the expected ratio. One 
of the deviations was not produced by linkage of a gene to 
a chromosome. The Enp locus did not have a 1:2:1 
segregation ratio in the test of linkage with Trisomie A. 
However, the ratio of Enp-a Enp-a genotypes to Enp-b Enp-b 
genotypes was 1:1. If the deviation was due to the 
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presence of Enp on Trisomie A, the ratio would be 
approximately 4:1. Therefore, this aberrant ratio was not 
attributable to the presence of the Eno locus on the extra 
chromosome in Trisomie A. 
In the crosses of Trisomie D by PI 437.389B and PI 
88.788, Dial did not exhibit the expected 1:2:1 segregation 
ratio. However, the ratios did not fit the expected 
trisomie ratio of approximately 6:13:1 (Table 4). Since 
the two phenotypic ratios in F2 populations from different 
crosses are very similar, these two ratios must have some 
significance. Upon inspection, the frequency of the a 
class was very close to the frequency expected 
(approximately 5) if the locus was located on the extra 
chromosome in Trisomie D. When the values for the b and 
a/b classes were pooled, the observed ratios fit a 
trisomie ratio (Table 6). Two additional crosses involving 
Trisomie D were analyzed and the pooled F2 segregation 
ratios in the progeny of 41-chromosome plants also fit a 
trisomie segregation ratio (Table 6). Therefore, the Dial 
locus is located on the extra chromosome in Trisomie D. 
Clearly, some of the F2 individuals had been 
misclassified. The diaphorase bands scored in this study 
are tetrameric enzymes encoded by duplicate loci. One of 
the loci is invariant. All of the possible genotypes for 
diaphorase are given in Table 7. In genotypes 3 and 6 
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(Table 7), the ratio of the two subunit types is very 
similar and both genotypes would have a similar banding 
pattern on the gel. Genotype 3 is homozygous for Dial, 
while Dial is heterozygous in genotype 6. The 
misclassification of the two genotypes may be responsible 
for the unusual ratios. Only the genotypes 1, 4, and 8 
(a phenotypes) could be distinguished with certainty. 
By pooling the b and ab classes (as in Table 6), the 
effect of the misclassifications was negated. 
Two of the loci used in this study have been assigned 
to a linkage group that contains morphological markers. 
Linkage group 11 contains Idhl along with F and Ril 
(Hedges, 1989), and linkage group 1 contains Aco3 and seven 
other markers (Palmer and Shoemaker, 1987). Markers in 
linkage groups 1 and 11 have been tested against trisomies 
A, B and C and were inherited independently (Palmer, 1984). 
The Idhl locus was not linked to any of the five primary 
trisomies. Therefore, linkage group 11 is not located on 
trisomies A, B, C, D, or S. The Aco3 locus was not located 
on the extra chromosome on Trisomie D, hence, linkage group 
1 also is not located there. This eliminates the need to 
test linkage group 11 against trisomies D and S, and 
linkage group 1 against Trisomie D. 
In this study, a total of 49 linkage tests were 
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conducted. Only one positive test. Dial with Trisomie D, 
was found. However, the negative data also are useful. It 
indicates what tests have been done and need not be 
repeated. In future studies to identify the remaining 15 
primary trisomies, this information could be used to 
characterize additional trisomies. For example, if a new 
primary trisomie was linked to Idh2. then one could 
conclude that this was a new trisomie, since Idh2 is not 
linked to Trisomies A, B, C, D, and S. 
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Table 1. Tests of linkage of 9 loci with Trisomie A 
in soybean 
Phenotype 
Locus Chromo. 
no. a ab b 
N a 
Trisomie A X Seneca 
Aco4 41 22 46 28 96 0.92 
Dialb 41 20 52 24 96 1.00 
ME 41 19 52 25 96 4.44 
Pqil 41 23 52 21 96 0.75 
Trisomie A X PI 437.477B 
Aco2 41 19 51 26 96 1.40 
Aco4 41 25 49 22 96 0.23 
AB 41 26 48 22 96 0.33 
Dialb 41 21 50 25 96 0.50 
Ens 41 19 60 17 96 6.08 
ldh,2 41 21 48 27 96 0.75 
Pqi2 41 22 52 22 96 0.67 
Poml 41 33 40 23 96 4.75 
®With 2 dfy the critical chi-square is 5.99 (a = 
0.05). 
^a = dial and b = Dial. Dial and dial are the 
designations of Kiang and Gorman (1983). 
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Table 2. Tests of linkage of 9 loci with Trisomie B 
in soybean 
Phenotype 
Locus Chromo. N ^ 
no. a ab b 
Trisomie B X Seneca 
Aco4 41 25 44 27 96 0.75 
Dialb 41 25 45 26 96 0.40 
ME 41 19 50 27 96 1.50 
Pqil 41 31 42 23 96 2.83 
Trisomie B X PI 437.477B 
Aco2 41 30 46 20 96 2.25 
Aco4 41 20 46 30 96 2.25 
AE 41 23 54 19 96 1.83 
Dialb 41 31 44 21 96 2.75 
Enp 41 25 50 21 96 0.50 
Idh2 41 24 45 27 96 0.56 
Pqi2 41 21 50 25 96 0.50 
Paml 41 33 40 23 96 4.75 
Bwith 2 df, 
n nR\ 
the critical chi -square is 5.99 ( a = 
^a = dial and b = Dial. Dial and dial are the 
designations of Kiang and Gorman (1983). 
66 
Table 3. Tests of linkage of 10 loci with Trisomie C 
in soybean 
Phenotype 
Locus Chromo. N ® 
no. a ab b 
Trisomie C X PI 88.788 
Aco3 41 28 49. 19 96 1.73 
Aco4 41 24 50 22 96 0.25 
Idhl 41 22 44 30 96 2.00 
Idh2 41 21 51 24 96 0.56 
Pqi2 41 21 44 31 96 2.75 
Trisomie C X PI 417.022 
Aco2 41 25 47 24 96 0.06 
Aeo3 41 23 51 22 96 0.39 
As 41 21 48 27 96 0.75 
Dialb 41 26 46 24 96 0.25 
Enp 41 24 54 18 96 2.25 
Idh2 41 23 44 29 96 1.42 
Pai2 41 27 46 23 96 0.50 
Parol 41 17 51 28 96 2.90 
®With 2 df, the critical chi-square is 5.99 (a = 
0.05). 
^a = dial and b = Dial. Dial and dial are the 
designations of Kiang and Gorman (1983). 
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Table 4. Tests of linkage of 10 loci with Trisomie D 
in soybean 
Phenotype 
no. a ab 
Locus Chromo. N X? ^ xi ^ 
Trisomie D X PI 437.389B 
Aco2 41 24 49 19 92 0.93 
Aco4 41 26 47 19 92 1.11 
AE 41 16 48 28 92 3.30 
Dial® 41 43 43 6 92 30.15 13 .74 
Poml 41 23 45 24 92 0.06 
Trisomie D X PI 88.788 
Aeo3 41 19 44 33 96 4.75 
Aco4 41 23 47 26 96 0.23 
Dial® 41 46 46 4 96 36.92 14 .71 
Idhl 41 18 54 24 96 2.25 
Idh2 41 27 40 29 96 2.75 
ME 41 23 56 17 96 3.41 
Pqi2 41 24 49 23 96 0.06 
Poml 41 23 47 26 96 0.23 
®'^With 2 df, the critical chi-square is 5.99 (a= 
0.05). . 
®Chi-square assuming a 1:2:1 (disomic ratio). 
^Chi-square assuming a 6:13:1 (trisomie ratio). 
°a = dial and b = Dial. Dial and dial are the 
designations of Kiang and Gorman (1983). 
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Table 5. Tests of linkage of 8 loci with Trisomie S 
in soybean 
Phenotype 
Locus Chromo. 
no. a ab b 
N X^ = 
Trisomie S X PI 196.325 
Aco2 41 22 56 18 96 3.00 
AB 41 23 41 32 96 3.72 
Dialb 41 24 51 21 96 0.56 
Idh2 41 20 50 26 96 0.92 
Parol 41 21 49 26 96 1.23 
Trisomie S X PI 437.286 
Aco4 41 26 51 19 96 3.72 
Dial 41 26 48 22 96 , 0.33 
mm 41 28 51 17 96 2.90 
Idh2 41 21 43 32 96 3.56 
Pqi2 41 21 52 23 96 0.75 
Pcfml 41 21 52 23 96 0.75 
®With 2 df, the critical ehi-square is 5.99 (a= 
0.05). 
^a = dial and b = Dial. Dial and dial are the 
designations of Kiang and Gorman (1983). 
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Table 6. Pooled F2 segregation ratios for Dial locus in 
tests of linkage with Trisomie D in soybean 
a + ab bb N ^ 
Trisomie D X PI 88.788 86 6 92 0.90 
Trisomie D X PI 437.389B 92 4 96 0.14 
Trisomie D X Minsoy 88 8 96 2.24 
Trisomie D X PI 290.136 93 3 96 0.71 
^Since the transmission rate of n+l gametes in 
primary trisomie D has not been determined, a 19:1 
ratio was assumed. This ratio was calculated on the 
basis of the n+i gamete transmission rates in Trisomies 
A, B, and C. 
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Table 7. Possible genotypes at the Dial locus and the 
resulting allelic ratio in the progeny of a 41-
chromosome plant (Trisomie D) 
Genotype Genotype of Genotype of Ratio of 
Number Invariant Dial locus® a:b 
Dia locus 
1 a/a a/a 4:0 
2 a/a a/b 3:1 
3 a/a b/b 1:1 
4 a/a a/a/a 5:0 
5 a/a a/a/b 4:1 
6 a/a a/b/b 3:2 
7 a/a b/b/b 2:3 
8 a/a a/a/a/a 6:0 
9 a/a a/a/a/b 5:1 
10 a/a a/a/b/b 2:1 
11 a/a a/b/b/b 1:1 
12 a/a b/b/b/b 1:2 
®a = dial and b = Dial. Dial and dial are the 
designations of Kiang and Gorman (1983). Note that the 
a/a genotypes for both the invariant diaphorase locus 
and Dial have the same phenotype. 
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SECTION III. GENETIC ANALYSES OF THREE CHLOROPHYLL-
DEFICIENT MUTANTS DERIVED FROM A SOYBEAN 
POPULATION CONTAINING A TRANSPOSABLE 
ELEMENT 
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ABSTRACT 
Three chlorophyll-deficient mutants (CD) were found in 
the selfed progeny of germinal revertants from a soybean 
fGlycine max (L.) Merrill) line that contains a 
transposable element. This line is characterized by the 
presence of flowers with purple and near-white sectors. 
The CDs are characterized by a yellow-green plant color and 
the absence of two mitochondrial malate dehydrogenase (MDH) 
bands. Allelism tests indicated that each of the CDs 
contain a mutation in the same approximate region of a 
chromosome. However, phenotypic differences among the 
mutants suggested that differences exist at the molecular 
level. The mutants had a stable phenotype so the presence 
of an autonomous element at the MDH locus was not producing 
the mutant phenotype. All yellow-green F2 plants with 
mutable flowers had a stable phenotype so there was no 
trans-activation of a receptor element by a regulatory 
element. Complete linkage of the MDH locus and the 
yellow-green phenotype indicated that the mutants may 
contain deletions. The different CD phenotypes suggested 
that the deletions have different endpoints. These 
deletions were not large enough to affect the transmission 
of the aberrant chromosome through the pollen or ovule. 
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INTRODUCTION 
In many species, mutable loci are produced by the 
presence of a transposable element at or near a locus 
(Nevers et al., 1386). A transposable element is a DNA 
sequence that possesses the ability to move to a new 
location in the genome. Two distinct units comprise a 
transposable element system, a regulatory or autonomous 
element, and a receptor or nonautonomous element (Federoff, 
1983). An autonomous element has all the structural 
features and encodes all the functions necessary for 
transposition (Peterson, 1987). This element regulates its 
own integration, excision, and transposition, as well as 
the activities of related receptor elements. A variegated 
phenotype controlled by a factor residing at a locus is 
indicative of an autonomous element (Nevers et al., 1986). 
In contrast, the receptor element produces a stable 
phenotype in the absence of a regulatory element. 
Nonautonomous elements appear to be autonomous elements 
that have lost one or more of the functions necessary for 
transposition (Federoff et al., 1983; Coring and 
Starlinger, 1984). However, the receptor element can be 
trans-activated by a regulatory element. The regulatory 
element supplies the receptor element with one or more 
functions (enzymes) necessary for transposition (Peterson, 
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1987). In the presence of an autonomous element, a 
nonautonomous element produces a mutable phenotype. 
At the molecular level, the insertion of the element 
results in a duplication of a portion of the genomic DNA at 
the insertion site (Nevers et al., 1986). A subsequent 
excision event results in the removal of the DNA sequence 
of the element from the insertion site. During excision, 
the target site duplication can undergo a number of 
changes. The entire duplication may be removed, thereby 
restoring the wild type DNA sequence. An imprecise 
excision can have a number of consequences. A portion of 
the target site duplication may be left in the locus or too 
many base pairs may be removed. Frameshift mutations, the 
addition or elimination of amino acids from the encoded 
protein, and/or changes in the timing and levels of gene 
expression can result (Saedler and Nevers, 1985). 
Elements"can cause more extensive genomic changes. 
McClintock (1950) demonstrated that the Ac-Ds transposable 
element system in maize caused chromosome breakage and 
resulted in the loss of portions of chromosome 9. Small 
internal deletions have been found next to an intact 
element (Taylor and Walbot, 1985; Dooner et al., 1988). 
Tam3 in Antirrhinum maius has been found to cause 
deletions, the dispersion of sequences bordering the 
element, and inverted duplications (Martin et al., 1988). 
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Via these major genomic changes and smaller mutations such 
as the addition or elimination of one or more base pairs in 
a gene, transposable elements may play an important role in 
evolution (Schwarz-Sommer et al., 1985). 
Much of the research on transposable elements has been 
conducted in maize. In soybean, the characterization of 
transposable elements is just beginning. Rhodes and Vodkin 
(1985) cloned and sequenced an insertion in the soybean 
lectin gene. The insertion had many of the characteristics 
of a transposable element although there is no evidence 
that the element (called Tgml) can transpose. The 
insertion was bordered by a 3 bp target site duplication, 
had terminal inverted repeats, and shared homology with 
known transposable elements Taml and Tam2 in Antirrhinum 
maius and En in maize (Vodkin and Rhodes, 1986). 
Groose et al. (1988) described a variegated flower 
phenotype in soybean, the w4-mutable. The mutable 
phenotype, a high rate of change from a mutable allele to a 
wild type or pale allele, possible changes of state, and a 
high mutation rate at other loci in revertant plants, 
suggest that an active transposable element exists in the 
w4-mutable soybean line. No molecular data are available 
yet to support this hypothesis. 
Three independent chlorophyll-deficient mutants were 
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derived from the w4-m line in an experiment designed to 
isolate new transposon-induced mutants (Groose and Palmer, 
1987; Groose et al., 1987). The objective of this research 
was to determine the genetic phenomena responsible for each 
of the mutants. 
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MATERIALS AND METHODS 
Three chlorophyll-deficient mutants, CD 1, CD 2, and 
CD 3, were found in an experiment designed to locate 
transposon-induced mutations in the w4-m line (Groose and 
Palmer, 1987). The w4-m line has flowers with purple 
sectors on a near-white background. A summary of the 
experiment follows (also see Figure 1). Two thousand 
mutable plants were selected from the progeny of 60 highly 
mutable plants (w4-mutable) and each of the selected plants 
was single-plant threshed. Approximately 3 0 seeds from 
each plant were grown in progeny rows in the Asgrow Seed 
Company nursery in Puerto Rico. Within each row, one 
germinal revertant was selected and single-plant threshed 
at maturity. At least one revertant was found in 1599 of 
the 2000 progeny rows. Approximately 25 seeds from each 
revertant were grown in a sandbench in a greenhouse and 
were screened for mutations in seedling traits. An 
additional 25 seeds were grown in the field and were 
screened for mutations. All mutants, some of the normal 
sibs from the greenhouse screening, and their sibs that 
were grown in the field were saved. Sixteen of the 1599 
progeny rows contained mutations (Groose and Palmer, 1987). 
The first three chlorophyll-deficient mutants 
identified by Groose et al. (1987) were used in this study. 
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Each of the CDs was the result of an independent mutation, 
since each mutant traced to a different revertant plant. 
Chlorophyll-deficient 2 was found in a progeny row 
segregating 3 green to 1 yellow-green plant. No variegated 
plants were observed in the progeny rows in the field or 
greenhouse. Two different families contained green, 
variegated, and yellow-green plants. The phenotypic ratios 
did not fit any Mendelian ratio (Groose and Palmer, 1987). 
Yellow-green plants from these two rows were designated CD 
1 and CD 3. 
The chlorophyll-deficient plants are a yellow-green 
color. As the plants develop, the color darkens until the 
plants become almost wild type in color. The vigor of all 
the CD mutants is reduced, with CD 3 being the most 
vigorous and CD 1 being the least vigorous. The yellow-
green plants flower later than their normal sibs and seed 
set is greatly reduced. 
The following are genetic stocks that were used in 
this study. 
1) CD 1: A chlorophyll-deficient line with a 
yellow-green plant color. Derived from 
the w4-m line. 
2) CD 2; A chlorophyll-deficient line that is 
similar to CD 1 except it is greener than 
CD 1. 
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3) CD 3: Similar to CD 1 and CD 2 except that it is 
closer to wild type in color and is more 
vigorous. 
4) w4-m: A soybean line homozygous for a mutable 
allele at the W4 locus. This is the 
progenitor of the three CD mutants. 
5) Harosoy-w4; A 'Harosoy' isoline that contains a 
recessive allele at the W4 locus. 
6) Harosoy-k2; A Harosoy isoline with a tan saddle on the 
seedcoat. The isoline contains a 
recessive allele at the K2 locus. 
7) T253: A chlorophyll-deficient line fv20v20) that 
also has a tan saddle on the seedcoat 
(k2k2). The K2 and Y20 loci are tightly 
linked. 
The starch gel electrophoresis system described by 
Cardy and Beversdorf (1984a and b) was used to determine 
the isozyme profiles of the genetic stocks. Subsequently, 
the "B" gel system was used to assay for malate 
dehydrogenase (MDH). Thirteen percent starch gels made 
with 450 ml of "B" electrode buffer were run at a constant 
power of 6.5 W for 5 hours. The stain recipe for MDH was 
adapted from Cardy and Beversdorf (1984a): 1) 75 ml of 0.1 
M Tris-HCl buffer, pH 9.1, 2) 20 mg NAD, 2) 3 mg PMS, and 
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4) 20 mg NBT. This was used to stain two gel slices. The 
gel slices were incubated at 37.5C for 45-60 minutes. 
Then, the stain was poured off and the gels were scored. 
To ascertain the subcellular location of the MDH, 
mitochondria were isolated from 10 g of hypocotyl tissue. 
Dr. C. Stewart, Department of Botany, Iowa State 
University, Ames, lA, graciously supplied the purified 
mitochondria. The mitochondria were suspended in 20 ml of 
a solution of 16.7% sucrose and 8.3% ascorbic acid, pH 7.4. 
Ten ul of this solution was vortexed for 10 seconds and 
then absorbed by paper wicks. The wicks were loaded on 
starch gels. 
All linkage estimates were calculated using the 
Linkage-1 computer program (Suiter et al., 1983). This 
program uses the maximum likelihood method. 
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RESULTS 
A routine electrophoretic analysis of the three 
chlorophyll-deficient mutants was done to determine if one 
or more of the mutants were the result of outcrosses to 
other chlorophyll-deficient lines that were growing nearby 
or were seed mixtures. All 20 of the loci that were 
analyzed were homozygous and CD 1, CD 2, and CD 3 had the 
same genotype as the progenitor, w4-m line, with one 
notable exception. Each of the CD mutants lacked the 
slowest migrating MDH band. No variability for this band 
had been observed in several hundred G. max and G. soia 
(the wild relative of the soybean) accessions (author, 
unpublished results). Subsequently, a spontaneous 
chlorophyll-deficient mutant in the cultivar Harosoy, T253, 
was found to lack the same MDH band. Interestingly, 
Harosoy constitutes at least 18.75% of the parentage of the 
w4-m line (25% of the pedigree is not known). 
Mitochondria were isolated from hypocotyl tissue from 
CD 1, CD 2, CD 3, T253, and w4-m. The CDs and T253 lacked 
two of the three mitochondrial MDH bands present in the 
w4-m control. Since MDH is a dimeric enzyme in most 
plants, the silencing of one locus would result in the loss 
of two isozymes, a homodimer and an interlocus heterodimer. 
Earlier, it was mentioned that only one band was absent. 
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The first tissue analyzed was taken from the cotyledon. In 
this tissue, another MDH band co-migrates with the 
heterodimer and masks the absence of this band in the CDs 
and T253. 
The similar plant phenotypes and the absence of the 
same MDH bands indicated that the CDs and T253 may have 
mutations in the same region of a chromosome. Reciprocal 
crosses were made between the CDs and each CD mutant was 
crossed to T253 fv20-k2). All of the Fg, and F3 plants 
were yellow-green (Table 1). For each cross, samples of at 
least 25 F2 plants were taken for electrophoretic analysis; 
all of the plants lacked two of the three mitochondrial MDH 
bands. Therefore, in a classical cytogenetic context, the 
mutants were allelic. 
Each of the CDs was crossed to Harosov-w4. The F2 
populations from these crosses provided four important 
pieces of information. The reciprocal crosses between the 
CDs had indicated that the mutants were allelic; however, 
cytoplasmic mutants also could give the same results. In 
the F2 populations of the CDs by Harosoy-w4. a 3:1 
segregation ratio of green to yellow-green plants was 
observed (Table 2). The 3:1 ratio indicated that the 
chlorophyll-deficiency was nuclearly encoded. 
Another important result is apparent in the data 
presented in Table 3. No recombination between MDH and Y20 
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was observed. All green plants had a wild type MDH 
pattern; all yellow-green plants were missing two MDH 
bands. Pleiotropy or very tight linkage of the Y20 and MDH 
loci could account for the absence of recombinant classes. 
The yellow-green phenotype and MDH-null exhibited monogenic 
inheritance and the trait was conditioned by a recessive 
allele. 
In the selected revertant plants, the element may have 
transposed from the W4 locus to another location in the 
genome. Since elements often transpose to linked sites 
(Van Schaik and Brink, 1958), it was necessary to determine 
if the W4 locus was linked to the locus controlling the 
yellow-green plant color and/or MDH. The F2 populations 
from crosses of each of the CDs by Harosoy-w4 and w4-m were 
used to test for linkage. In both sets of crosses, the W4 
locus was inherited independently of Y20 and MDH (Table 3). 
The absence of two of three forms of mitochondrial MDH 
probably reduces the energy-producing capacity of the 
plant. The reduced vigor of the plants and their yellow-
green color could be due directly to the absence of the 
MDH. As the leaves on the yellow-green plants mature, they 
become greener. Leaf tissue from the mature, greener 
leaves was analyzed electrophoretically and the two MDH 
bands still were absent. It is possible that the MDH was 
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being produced but at levels under the threshold required 
for detection on the starch gels. 
Transposable elements are known to cause deletions of 
a few base pairs (Saedler and Nevers, 1985), small internal 
deletions (Taylor and Walbot, 1985; Dooner et al., 1988), 
large internal deletions (Martin et al., 1988), and 
terminal deletions (McClintock, 1950). The size of a 
deletion affects the rate of transmission of the aberrant 
chromosome through the ovule and the pollen. If the 
deletion is large or if it contains genes necessary for the 
proper functioning of the gamete, the relative frequency of 
functional, competitive gametes with a deletion is less 
than 50%. A reduced transmission rate of the mutant 
alleles for genes on the deletion results in a non-
Mendelian segregation ratio (Robertson and Stinard, 1987). 
In a F2 population, the frequency of individuals that are 
homozygous for the deletion would be reduced and the 
segregation ratio would deviate from a 3:1 ratio. The F2 
segregation ratios from crosses of each of the CDs by the 
w4-m line, Harosov-w4. and Harosov-k2 were tested against a 
3:1 ratio (Table 2). No significant differences were 
found. If a deletion is present, it is not large enough to 
affect the transmission of the affected chromosome and it 
does not contain any genes essential for proper 
gametophytic function. 
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Groose et al. (circa 1989) indicated that an 
autonomous element may be present at the w4 locus in the 
w4-m line. Transposition of the element from the w4 locus 
to another locus could have produced one or more of the 
mutants. Since no receptor elements have been found for 
the system described by Groose et al. (1988), only indirect 
evidence can be used to evaluate this hypothesis. 
Each of the CD mutants was grown in isolation. The 
plants were evaluated several times during the growing 
season and no plants with revertant sectors were observed. 
The yellow-green plants from each of the mutants were 
harvested. Approximately 1000 plants from a bulk of each 
CD were grown to the first trifoliolate stage in a 
sandbench in the greenhouse. No germinal revertants (green 
plants) or plants with revertant sectors were found. The 
yellow-green color in each of the mutants was inherited 
stably. 
The Eg™ mutable system (Eq-I) in maize produced stable 
pale-green derivatives (Peterson, 1960). The pale-green 
plants contained a receptor element (%) at the Pg locus for 
a regulatory element (En). The reintroduction of En into 
the genome caused the X element to transpose. 
Phenotypically, the transposition of the % element was 
manifested as mutability at Pg. When En was present, the 
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plants that were homozygous for pg-I had green sectors on a 
pale-green background. 
A similar test was conducted with the CDs. The w4-m 
line was crossed to each of the CDs and the plants were 
self-pollinated. A sample was taken from the cotyledon of 
at least 190 F2 plants from each cross for electrophoretic 
analysis and the seedlings were transplanted into the 
field. Additional F2 seeds were planted directly into the 
field. All yellow-green plants were evaluated at least 
three times during the growing season. 
The presence of mutable flowers on the yellow-green 
plants indicated that a regulatory element was present in 
the genome. In addition, 2/3 of the yellow-green plants 
with purple flowers would have a regulatory element if the 
original w4-m parent was homozygous for one element. If 
two or more regulatory elements were present, a higher 
percentage of the yellow-green plants would have at least 
one copy of a regulatory element. If a receptor element 
was present at the Y20 locus, the leaves on at least 75% of 
the yellow-green plants would have green sectors. However, 
no mutability was observed (Table 4). In addition, none of 
the yellow-green plants contained the two missing MDH 
bands. Each of the transplanted yellow-green plants with 
mutable flowers were single-plant threshed. At least 30 
seeds from each of the plants were grown to the first 
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trifollolate stage in a sandbench in the greenhouse. 
Again, no mutable plants were observed, that is, no 
sectors appeared on any of the plants. 
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DISCUSSION 
The w4-m line is characterized by a mutable flower 
phenotype (Groose et al., 1988). The high rate of 
reversion of the mutable allele to a functional wild type 
allele, possible changes of state, the occurrence of pale 
derivatives, and the occurrence of new mutations at other 
loci suggest that the mutability is the result of an active 
transposable element system (Groose et al., circa 1989). 
Studies of transposable elements in other species have been 
enhanced by the analysis of new alleles at the mutable 
locus in question and the occurrence of new mutant loci in 
the line that contains a transposon (Peterson, 1961, 1966, 
and 1968). Through analyses of the first mutants found at 
other loci in the w4-m line, the CDs, we were attempting 
to learn more about the transposable element system in the 
w4-m line of soybean. 
The chlorophyll-deficient mutants, CD 1, CD 2, CD 3, 
and T253 were allelic in a classical cytogenetic context. 
All F^, F2/ and F3 progeny derived from intercrosses were 
yellow-green and lacked the same two malate dehydrogenase 
enzymes. In crosses with wild type soybean lines, the 
MDH-null and yellow-green plant color were inherited as a 
recessive allele. At the DNA level, differences probably 
exist among the mutants. The T253 mutant definitely is 
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different because the seeds of this line are tan with a 
dark tan saddle, while CD 1, CD 2, and CD 3 have yellow 
seedcoats. Each of the CDs are missing two of three 
mitochondrial MDHs. However, the plant color and vigor of 
the mutants are different. The independent origin of the 
mutants and their different phenotypes suggests that 
differences between the mutants exist at the molecular 
level. 
Because of the experimental design employed by Groose 
and Palmer (1987), one would not expect the mutants to be 
allelic. In a similar experiment, Robertson (1978) 
reported that only 20% of the Mu-induced mutations in maize 
that appeared to be allelic were in fact allelic. The 
first three CD mutants had mutations in the same region of 
the chromosome, and three additional mutants (necrotic root 
mutants) may be allelic (Benevente, unpublished Ph.D. 
research, Iowa State University). The probability that 
three independent mutations would occur in the same 
chromosomal region of 1599 plants is very small. Although 
the number of mutants that have been analyzed is limited, 
it appears that mutations do not occur at random in the 
w4-m line. Nonrandom mutations may reflect some 
transposition specificity such as the recognition of 
specific target site sequences by the element. 
In maize, Mp (Van Schaik and Brink, 1958) and En 
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(Nowick and Peterson, 1981) tend to transpose to linked 
sites. However, this is not the reason for the nonrandom 
nature of the CD mutants. The W4 locus was inherited 
independently of the v20 and MDH loci. In maize, Mu 
elements preferentially insert into nonmethylated sequences 
(Bennetzen et al., 1988). Such sequences tend to be 
single-copy loci or genes that are expressed. This may 
account for the mutations involving the constitutively 
expressed MDH and v20 loci. 
No recombination was observed between the MDH-null and 
plant color. All yellow-green plants lacked two NAD+-
dependent, mitochondrial MDH enzymes while all green plants 
had these enzymes. The absence of two of three MDH bands 
would decrease the energy production of the mitochondria. 
This would reduce the vigor of the plant, and in turn, 
could produce the yellow-green plant color. Transposition 
of the element from the W4 locus to the MDH locus could 
inhibit gene expression. If an element is at or near the 
locus, it is not a regulatory or receptor element. None of 
the progeny of CD 1, CD 2, and CD 3 and the yellow-green 
plants in F2 populations exhibited mutability and no 
germinal revertants were found. Even when a functional 
element was present in the genome, no revertant sectors 
were observed. All yellow-green plants with mutable 
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flowers had a uniform color. If an element is present in 
or adjacent to the MDH locus in one or more of the CDs, it 
is incapable of transposition. 
If a pleiotropic effect of the absence of two MDH 
isozymes was responsible for yellow-green plant color, one 
would expect that the mutants would have the same color. 
However, each of the mutants have a different plant color 
and vigor. Unless the malate dehydrogenase enzymes are 
present in different levels, and these levels are below the 
threshold for detection on a starch gel, other phenomena 
are responsible for the CD mutants. 
A deletion could account for the linkage of the MDH-
null and the yellow-green plant phenotype. In Antirrhinum 
maius. excision of Tam3 from the nivea locus was the most 
common event. The second most common event was a deletion 
(Martin et al., 1988). The Ac-Ds system in maize was 
discovered due to the chromosome breakage caused by Ds 
elements (McClintock, 1950) on the short arm of chromosome 
9. The chromosome breaks resulted in the loss of the 
chromosome arm distal to the location of Ds. ^ elements 
also have been associated with internal deletions. Dooner 
et al. (1988) found a 789 bp deletion of the Bz locus 
adjacent to a functional ^  element. A 74 bp deletion of 
the Adhl gene was found next to an intact Mu element in 
maize (Taylor and Walbot, 1985). A series of deletions of 
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different lengths were caused by Tam3 at the nivea locus in 
Antirrhinum (Martin et al., 1988). 
As the length of terminal deletions of the short arm 
of chromosome 9 that involve the ya2 locus (conditions a 
yellow-green plant) increases, the phenotype of the plant 
becomes lighter in color (McClintock, 1942). Similarly, 
each of the CD mutants and T253 have a different plant 
color. If the mutants contain deletions, they are probably 
different lengths. Palmer (1984) suggested that the mutant 
phenotype fv20-k2) of T253 was the result of a deletion. 
If T253 and one or more of the CDs are terminal deletions, 
T253 must be the largest deletion since it is the only 
mutant in which K2 is affected. Based on the plant color 
differences, CD 3 must be the shortest deletion and CD 1 
must have the longest deletion of the CDs. In the initial 
studies of T253, a 3:1 segregation ratio of green to 
yellow-green plants occurred in the F2 generation (Palmer, 
1984). Since this deletion did not cause a distorted 
segregation ratio, the 3:1 segregation ratio for CD 1, CD 
2, and CD 3 was not unexpected. Some of the putative Mu-
induced deletions involving the vq2 locus in maize were not 
long enough to reduce the rate of transmission of the 
aberrant chromosome through the pollen or ovules (Robertson 
and Stinard, 1987). It is possible that one or more of the 
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CDs contain internal deletions. The relative lengths of 
the deletions cannot be determined because of the lack of 
markers known to be linked to Y20 and £2.. The different 
phenotypes of the CD mutants indicate that the deletions 
have different endpoints. 
In summary, a pleiotropic effect could produce the 
tight linkage of the MDH-null and yellow-green phenotype. 
This could be produced by the presence of a regulatory or 
receptor element in or near the MDH locus. However, no 
mutability was observed even when the yellow-green plants 
had a mutable flower phenotype. This and the differing 
plant phenotypes makes pleiotropy an unlikely explanation 
for the mutants. The absence of the same two MDH bands in 
the mutants should produce the same phenotype in each CD 
line; however, the CDs have different phenotypes. 
Deletions of the MDH locus and the regions adjacent to the 
Y20 locus may account for the distinct phenotypes. The 
deletions could be internal or terminal deletions and 
probably have different endpoints. One must also consider 
other possibilities. Elements can cause other types of 
genomic arrangement including inversions, dispersion of 
sequences, duplications and translocations (Federoff, 1983; 
Peterson, 1987; Martin et al., 1988). The most probable 
event(s) are deletions; however, there is no evidence that 
rules out other possibilities. In fact, one or more types 
95 
of rearrangements may be present in the CD mutants. 
Molecular analyses will provide definitive answers. 
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Figure 1. Flow diagram of the experiment to isolate new 
mutants in the w4-m line. (A) Progeny rows 
from 60 mutable plants that had a high rate of 
reversion. Two thousand mutable plants were 
selected from the 60 rows. (B) Progeny rows 
from each of the 2000 selected plants were grown 
in Puerto Rico. One revertant plant (purple 
flower) was selected per row if present. (C) 
Twenty-five seeds were grown in a sandbench and 
an additional 25 seeds were grown in the field. 
All mutants were saved. In the field, all 
plants from an entry that had mutants were saved 
even if the mutant was detected in the sandbench 
and not in the field 
M - a plant with mutable flowers. 
R - a revertant plant with purple flowers. 
S - selfed progeny of the selected 
revertant plants. 
X - plants exhibiting a mutant phenotype. 
I I - selected plants that were self-pollinated. 
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(A) Selection of Hiahlv Mutable Plants 
PR 1 MM M M M ... M 
PR 2 M M M R M . . . M 
PR 60 M M M M M . . M 
(B) Selection of Revertants 
PR 1 M M M M . . . M — 
PR 2 M M R M M ... M — 
M M M M M ... M 
PR 2000 M M M M M 
(C) Selection of Mutants 
Greenhouse 
^ REV 1 S S S S S ... S 
Field 
X 
REV 2 S 00 S S ... S 000 
REV 1599 S S S S S ... S S S S S 
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Table 1. Results of allelism tests of CD 1, CD 2, 
CD 3, and T253 in soybean 
No. No. 
Cross Fo ^"2:3 Phenotype 
plants families 
CD 1 X CD 2 45 19 All yellow-green 
CD 2 X CD 3 84 32 All yellow-green 
CD 1 X v20-k2 123 0 All yellow-green 
CD 2 X CD 1 98 9 All yellow-green 
CD 2 X CD 3 124 35 All yellow-green 
CD 2 X y20-k2 205 0 All yellow-green 
CD 3 X CD 1 149 61 All yellow-green 
CD 3 X CD 2 81 7 All yellow-green 
CD 3 X v20-k2 88 0 All yellow-green 
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Table 2. The Fg segregation ratios of green to 
yellow-green plants in crosses involving 
CDl, CD2, and CD 3 
Parents Green Yellow-green Chi-square® 
CD 1 X 
Harosoy-w4 189 60 0.11 
Harosoy-k2 187 62 0.01 
w4-mutable 152 42 1.16 
Total 528 164 0.62 
CD 2 X 
Harosov-w4 168 55 0.004 
Harosoy-k2 148 58 1.09 
w4-mutable 188 54 0.93 
Total 504 167 0.004 
CD 3 X 
Harosov-w4 198 58 0.75 
Harosoy-k2 165 56 0.01 
w4-mutable 144 58 1.49 
Total 507 172 0.04 
^Critical chi-square = 3.84 (1 df, a = 0.05). 
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Table 3. Results of tests of linkage of the W4 locus with 
the yellow-green plant phenotype and the MDH-null 
Plant phenotypes in the F2 
Flower color^ P P W/M W/M 
Plant color® G YG G YG 
Cross MDH phenotype® + - + - N ^ pe 
CD 1 X Harosov-w4 132 48 57 12 249 2. 34 0. 13 
CD 1 X w4-mutable 124 32 28 10 194 0. 60 0. 43 
CD 2 X Harosov-w4 134 37 34 18 223 3. 61 0. 06 
CD 2 X w4-mutable 148 43 40 11 242 0. 02 0. 88 
CD 3 X Harosov-w4 154 39 44 19 256 2. 68 0. 10 
CD 3 X w4-mutable 114 52 30 6 202 3. 10 0. 08 
®P = purple flowers, W = w4w4 flower, M = w4-m flower. 
^G = wild type plant color, YG = yellow-green. 
°+ has wild type MDH, - lacks 2 MDH bands. 
^Contingency chi-square with 1 df. 
®P = the probability of obtaining a larger chi-square. 
104 
Table 4. Results of test for the presence of a receptor 
element in CD 1, CD 2, and CD 3 
Cross Flower Phenotype 
Purple Mutable 
Plant Phenotype 
CD 1 X w4-m mutable 
F2 transplants 34 
F2 plants in field® 13 
total 47 
CD 2 X w4-in mutable 
F2 transplants 43 
F2 plants in field® 58 
total 103 
CD 3 X w4-m mutable 
F2 transplants 52 
F2 plants in field® 75 
total 127 
10 
7 
17 
11 
12 
23 
6 
14 
20 
All yellow-green 
All yellow-green 
All yellow-green 
All yellow-green 
All yellow-green 
All yellow-green 
®From F2 populations planted as seed directly in 
the field. 
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ABSTRACT 
Linkage group 11 (LG 11) in soybean (Glycine max (L.) 
Merr.) contains the fasciated locus (£), affecting stem 
development, and a locus (RjLl) regulating nodulation. Our 
objective was to add additional genetic markers to LG 11. 
In this study, all loci except Idhl (isocitrate 
dehydrogenase) tested for linkage with F and Ril were 
inherited independently of these two loci. The 
recombination values for F-Idhl from three F2 populations 
were 22.2+3.1, 22.3+2.9, and 30.5 + 4.2%. The 
recombination value for the two loci was estimated as 24.7 
+ 1.9%. Two F2 populations segregating for Idhl-Ril had 
recombination values of 24.6 + 3.3 and 30.9 + 3.4%. These 
estimates were heterogeneous so a pooled linkage estimate 
could not be calculated.. The gene order on LG 11 was £-
Idhl-Ri1. The F locus was inherited independently of Aco4. 
Ap (LG 9), Dial. Idh2 (LG 17), Pgml, Pb (LG 14), and Y12 
(LG 1). The Ril locus was inherited independently of Aco4. 
Dial. Idh2. Pgml, and Y12. 
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INTRODUCTION 
Linkage group 11 in soybean (Glycine max (L.) Merr.) 
contains two known loci. The first locus, Zt controls 
fasciation (Albertsen et al., 1983). Fasciated plants have 
wide flat stems, few branches, altered leaf phyllotaxy, and 
super-numerary floral parts. .The second locus on linkage 
group 11 is Ril. Plants homozygous for the recessive 
allele are severely restricted in nodulation with 
Bradvrhizobium iaponicum under field and greenhouse culture 
(Devine, 1984). 
The Ril and F loci were linked with a recombination 
value of 40 ± 2.2% and were assigned to linkage group 11 
(Devine et al., 1983). In previous studies, Ril was 
inherited independently of g (glabrous pubescence on LG 2), 
In (narrow leaflet on LG 4), LI (black pod on LG 5), W1 
(flower color on LG 8), and Rpsl (resistance to 
Phvtophthora meqasperma f. sp. alycinea race 1 on LG 10). 
The F locus was not linked to T (pubescence color on LG 1), 
Wl, EE (seed coat peroxidase), or St2 (synaptic mutant) 
(Devine et al., 1983; Albertsen et al., 1983). 
This paper reports a portion of ongoing research 
designed to integrate isozyme loci into the soybean genetic 
map. In this study, the Ril and F loci were tested for 
linkage with isozyme loci and morphological markers. 
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MATERIALS AND METHODS 
The soybean lines, 'Peking', T233 (from the soybean 
genetic type collection), PI 437.477B, and PI 83.945-4 were 
obtained from Dr. R. L. Bernard, USDA-ARS, Urbana, IL. 
BARC-1 is a line with the genotype f£ riiri1 that was 
d e r i v e d  f r o m  a  c r o s s  o f  L 6 3 - 1 8 8 9  f r i l r i l )  b y  T 2 4 8  ( f f )  
(Devine and O'Neill, 1986). 
Crosses were made in Beltsville, MD or Ames, lA. The 
Fj plants were grown either at the USDA Winter Nursery in 
Puerto Rico, the Iowa State University-University of Puerto 
Rico Breeding Nursery, Isabela, P.R., or in the greenhouse 
at Beltsville, MD. The F2 seed was germinated on 
germination paper in a lighted growth chamber at 28C. A 
small sample was taken from the cotyledon of four-day-old 
seedlings for electrophoretic analysis (Cardy and 
Beversdorf, 1984a and b). After sampling, the seedlings 
were transplanted into peat pots. The peat pots were put 
into a greenhouse for two to three days to allow the 
seedlings to become established. The seven-day-old plants 
were transplanted into the field at Ames. 
At the first or second trifoliolate stage, the F2 
plants in the cross T233 fyl2yl2) X BARC-1 (Y12Y12) were 
classified for plant color (green Y12 or yellow vl2vl2). 
Fresh trifoliolate leaves from the cross PI 437.477B (PbPb) 
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X PI 83.945-4 fpbpb) were classified for pubescence tip 
(sharp Pb or blunt pbgb) by using a compound microscope 
(lOOX)(Ting, 1946). Fasciation and nodulation response 
were evaluated in the field at Ames before maturity (Devine 
et al., 1983). 
The electrophoretic procedures of Cardy and Beversdorf 
(1984a and b) were used to assay for isozymes. Aconitase 
(Aco4, Griffin and Palmer, 1987), acid phosphatase (Ap, 
Hildebrand et al., 1980), diaphorase (Dial. Gorman et al., 
1983) , isocitrate dehydrogenase (Idhl and Idh2. Kiang and 
Gorman, 1985), and phosphoglucomutase (Pgml, Gorman et al., 
1983) were resolved on the "D" buffer system. Thirteen 
percent starch gels were run at a constant power of 8.5 W 
for 5 hours. The stain formulae have been described 
previously (Cardy and Beversdorf, 1984a and b). 
All chi-square tests and linkage tests were calculated 
by using the Linkage-1 program (Suiter et al., 1983). 
Linkage values are calculated using the maximum likelihood 
method. 
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RESULTS AND DISCUSSION 
All morphological and isozyme markers had the expected 
F2 segregation ratios except for Ril in the cross of T233 X 
BARC-1 (data not shown). This cross had an excess of non-
nodulated F2 plants (X^ = 4.44/ p = 0.035). The unusually 
hot and dry weather conditions during and following 
transplanting probably reduced nodulation. In the cross of 
Peking X BARC-1, Ril segregated in a 3:1 ratio (X^ = 0.43, 
p = 0.51). 
Devine et al. (1983) reported that F was linked to Ril 
with a recombination value of 40.0 + 2.2%. Similar 
estimates were obtained in this study (Table 1). The 
linkage values were 41.0 ± 5.2% for the Peking X BARC-1 
cross and 39.0 ± 5.6 for the T233 X BARC-1 cross. The 
pooled estimate of linkage between the two loci was 40.0 ± 
3.9%. 
All isozyme loci, except Idhl. and the morphological 
markers Pb and Y12 were inherited independently of F 
(Tables 1 and 2). The recombination values obtained 
between F and Idhl from the three crosses were 22.2 + 3.1, 
22.3 ± 2.9, and 30.5 + 4.2%. The heterogeneity chi-square 
for the linkage component was not significant at the 5% 
level (X^ = 4.61, df = 2). This indicated that a pooled 
linkage estimate could be calculated and the estimate was 
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24.7 + 1.9%. Therefore, Idhl is linked to £ and is located 
on linkage group 11. 
The Idhl locus also was linked to Ril. The linkage 
estimates were 30.9 + 3.4% for the Peking X BARC-1 cross 
and 24.6 ± 3.3% for the T233 X BARC-1 cross (Table 3). 
These linkage estimates were significantly different 
(heterogeneity X^ = 4.66, df = 1) so a pooled estimate 
cannot be calculated. However, it is apparent from the 
data that Idhl is linked to Ril. 
The order of the three genes can be determined from 
the two crosses (T233 X BARC-1 and Peking X BARC-1) that 
were segregating for F, Ril. and Idhl. The largest map 
distance was between Ril and f. The map distances of Idhl 
to Z and Ri1 were much shorter. If Idhl was the outer 
marker, it should have been inherited independently of 
either F or Ril. Since this was not observed, the gene 
order on linkage group 11 is F-Idhl-Ril. 
Additional genetic information was obtained from the 
crosses T233 X BARC-1 and PI 437.477B X PI 83945-4. The 
Y12 locus on linkage group 1, was not linked to Aco4. Idhl. 
Pqml. F, or Ril (Tables 1 and 4). The Pb locus on linkage 
group 14, was not linked to £, Ril. AP (LG 9), Dial. Idhl. 
Idh2 (LG 17), and Pcml (Tables 1 and 4). 
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Table 1. Tests of linkage among morphological markers 
using F2 populations in soybean 
Loci No. in each class® 
tested abed r + SE^ 
T233(FE RilRil vl2vl2) X BARC-1(ff rilril Y12Y12) 
F-Eii 118 43 27 23 211 6.61 0. 01 39.0 + 5.6 
F-Y12 133 38 28 13 212 1.63 0. 21 Independent 
Ril-Y12 118 52 27 14 211 0.19 0. 66 Independent 
PekinafFF RilRil) X BARC 1-1 (ff rilril) 
F-Ril 144 44 39 23 250 4.46 0. 03 41.0 + 5.2 
PI 437.477B(EF PbPb) X PI 83.945-3(ff Dbob) 
f-Pb 145 36 49 21 251 2.94 0.09 Independent 
^Class designations per Allard (1956). 
^Chi-square tests of independence assuming a 9:3:3:1 
ratio. 
®P = probability of a greater chi-square. 
^R + SE = recombination ± standard error. 
Table 2. Tests of linkage of the fasciated locus (F) with six isozyme loci 
using F2 populations in soybean 
Classes 
Isozyme locus 
Fasciated locus 
aa 
F_ 
ab 
£_ 
bb 
IL 
aa 
ff 
ab 
ff 
bb 
ff 
N X 2 a pb R + SE° 
Peking(FF) X BARC-l(ff) 
Aco4 b/b X a/a 48 85 58 17 29 16 253 0. 48 0. 79 Independent 
Dial a/a X b/b 56 95 40 19 33 10 253 0. 69 0. 71 Independent 
Idhl b/b X a/a 25 96 69 35 25 1 251 58. 55 0. 00 22.3 + 2.9 
Idh2 a/a X b/b 40 104 47 19 27 16 253 2. 99 0. 22 Independent 
Paml a/a X b/b 45 87 59 20 24 19 253 1. 93 0. 38 Independent 
T233(FF) X BARC-
Aco4 b/b X a/a 37 79 45 8 32 11 212 2. 95 0. 23 Independent 
Idhl b/b X a/a 30 81 50 24 23 3 211 22. 53 0. 00 30.5 ± 3.7 
Paml a/a X b/b 41 82 39 10 29 12 213 0. 82 0. 66 Independent 
PI 437.477B(FF) X PI 83.945-4(ff) 
m a/a X b/b 49 78 55 12 36 22 252 2. 84 0. 24 Independent 
Dial a/a X b/b 58 91 32 18 39 13 251 0. 97 0. 61 Independent 
Idhl b/b X a/a 15 85 55 34 29 2 220 56. 85 0. 00 22.2 + 3.1 
Idh2 b/b X a/a 39 86 30 15 38 12 220 0. 17 0. 92 Independent 
Paml a/a X b/b 34 79 46 17 28 18 222 0. 87 0. 65 Independent 
^Chi-square tests of independence assuming a 3:6:3:1:2:1. 
^P = probability of a greater chi-square. 
+ SE = recombination + standard error. 
Table 3. Tests of linkage of the Ril locus with five isozyme loci using 
F2 populations in soybean 
Classes 
Isozyme locus aa ab bb aa ab bb No. x2 a R + 
Ril locus^ R R R rr rr rr 
Peking(EilRjl) X BARC-lfrilril) 
Aco4 b/b X a/a 47 83 53 18 30 19 250 0. 04 0 .98 Independent 
Dial a/a X b/b 54 91 38 21 35 11 250 0. 59 0 .74 Independent 
Idhl b/b X a/a 28 91 62 31 28 8 248 28. 86 0 0
 
0
 
30.9 ± 3.4 
Idh2 a/a X b/b 41 93 49 18 36 13 250 1. 56 0 .46 Independent 
Pcrml a/a X b/b 45 84 54 20 25 22 250 1. 53 0 .47 Independent 
T233 (RilRjl) X BARC-l(rilril) . 
Aco4 b/b X a/a 29 71 44 16 39 11 210 4.52 0.10 Independent 
Idhl b/b X a/a 16 81 46 37 22 7 209 49.11 0.00 24.6+3.3 
Paml a/a x b/b 36 76 33 15 33 18 211 0.52 0.77 Independent 
®Chi-square tests of independence assuming a 3:6:3:1:2:1. 
= probability of a greater chi-square. 
+ SE = recombination value + standard error. 
^R_ = Ril and rr = riIri1. 
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Table 4. Tests of linkage among 
morphological and isozyme 
markers using F2 
populations in soybean 
Loci N x2 a pb 
T233 X BARC-1 
Y12-AC04 216 2. 95 0.23 
Y12-Idhl 215 1. 80 0.41 
Y12-Pcml 217 0. 65 0.72 
Peking X BARC-1 
Pb-Ap 251 0. 74 0.69 
Pb-Dial 250 2. 56 0.28 
Pb-Idhl 219 1. 53 0.47 
Pb-Idh2 219 1. 80 0.41 
Pb-Paml 222 0. 03 0.98 
^Chi-square calculated 
assuming a 3:6:3:1:2:1 ratio. 
= probability of a greater 
chi-square. 
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ABSTRACT 
A mutable allele at the W4 locus in soybean (Glycine 
max (L.) Merr.) may be produced by an active transposable 
element system. Establishing the genetic location of the 
W4 locus would facilitate genetic studies of the 
transposable element. The objective of this study was to 
map the W4 locus. F2 populations segregating for 
morphological and isozyme markers were analyzed to detect 
linkages. The W4 locus was not linked to the following 
isozyme markers; Aco2. Aco4. An. Dial. Eno. Idhl. Idh2. 
MDH, and Poml. The morphological markers % (pubescence 
tip) and K2 (tan saddle on seedcoat) were inherited 
independently of W4. In addition, the W4 locus was not 
located on the extra chromosome in the primary trisomies A, 
B, C, and D. The Pai2 locus appeared to be linked to W4 
with a linkage estimate of 44.8 ± 2.2%. This value was 
based on the analysis of 701 F2 plants from the cross of PI 
437.293 X Harosov-w4. Because the linkage estimate is 
close to independence, analysis of other crosses, larger 
populations per cross, and growing the plants in other 
environments is required to confirm this linkage. 
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INTRODUCTION 
The W4 locus in soybean controls an essential step in 
the biosynthesis of anthocyanin but the enzyme encoded is 
not known. Genotypes with the dominant allele (W4) have 
purple flowers. The recessive genotype, w4w4. has near-
white flowers that are white with a faint purple coloration 
at the base of the standard petal. The intensity of the 
purple color in W4W4 and w4w4 genotypes is modified by the 
W3 locus (Hartwig and Hinson, 1962). 
A mutable allele at the W4 locus fw4-mutable or w4-m) 
was described by Groose et al. (1988). The w4-m allele has 
many of the features commonly associated with transposable 
elements. The most striking feature of the w4-m phenotype 
is the purple and white variegation on the petals of the 
flower. This type of mutability often is caused by the 
excision of an element from a locus and the subsequent 
restoration of the function of the locus (Peterson, 1987). 
Further evidence suggesting excision of an element is the 
frequent reversion of the w4-m to wild type (Groose et al., 
circa 1989). Approximately 10 to 15% of the progeny of 
w4-m w4-m plants have purple (revertant) flowers. Another 
feature of the mutable soybean line is the occurrence of 
new mutations at other loci at a relatively high rate. The 
evidence obtained to date suggests that the mutable allele 
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is produced by a transposable element (Groose et al., 
1988) . 
Genetic studies in soybean are limited by the lack of 
an extensive genetic map. Knowing the location of the W4 
locus would facilitate genetic studies of the putative 
element at the W4. locus. The objective of this study was 
to map the M locus by using populations that were 
segregating for biochemical and morphological markers. 
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MATERIALS AND METHODS 
The soybean lines used in this study, Harosoy-k2. 
Harosov-w4. PI 437.477B, and PI 437.293, originally were 
obtained from Dr. R. L. Bernard, USDA-ARS, Urbana, IL. The 
soybean lines have been maintained at Ames, lA. The 
Harosov-w4 isoline was the source of the recessive allele 
for the W4 locus. 
Crosses were made in Ames and plants were grown in 
Isabela, P.R. or Ames, lA. The F2 seed was germinated at 
28C for 72 hours on germination paper. Samples were taken 
from the cotyledons (according to Cardy and Beversdorf, 
1984a and b) and the seedlings were transplanted into a 
sandbench in the greenhouse. The phenotype of each 
seedling for the W4 locus was determined from the hypocotyl 
color of the F2 plants approximately seven to ten days 
after transplanting. The W4 locus has a pleiotropic effect 
on both flower and hypocotyl color. Seedlings with green 
hypocotyls will have near-white flowers and seedlings with 
purple hypocotyls will have purple flowers. Pubescence tip 
(sharp Pb vs blunt pbpbV was determined on the first 
trifoliolate leaf of the seedlings in the sandbench (Ting, 
1946). 
To test for linkage between W4 and K2 (tan saddle on 
the seedcoat), F2 plants were grown in the field. Since 
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the seedcoat is maternal tissue, seed from the F(n) 
generation has a seedcoat that exhibits a F(n-l) genotype. 
Therefore, the F2 phenotype of each plant was determined 
from the presence (k2k2) or absence fK2_) of a saddle on 
the F3 seed. 
The starch gel electrophoresis procedures of Cardy and 
Beversdorf (1984a and b) were used for isozyme analysis. 
The isozyme markers Enp. MDH, Pai2. and Poml were resolved 
on 13% starch gels with the "B" buffer system. The Aco2. 
Aco3. Aco4. AP. Dial. Idhl. and Idh2 loci were resolved on 
13% starch gels with the "D" buffer system (Cardy and 
Beversdorf, 1984a and b). Electrophoresis was carried out 
at a constant power of 8.5 W per gel for 5 and 6 hours for 
the "D" and "B" gels, respectively. 
Linkage estimates and chi-sguare values were computer 
calculated using the Linkage-1 program (Suiter et al., 
1983). The ihitial linkage calculations based on 276 F2 
individuals from the cross PI 437.293 X Harosoy-w4 
indicated that Pai2 and W4 were linked and the 
recombination estimate was 41.6 + 3.6%. Three hundred 
ninety-two individuals are needed to detect linkage of 
40.0% at the 5% confidence level (Hanson, 1959). An 
additional 425 F2 individuals from the cross were evaluated 
for W4 and Pqi2 to confirm the linkage. No other markers 
were scored on the additional individuals. 
128 
To test for linkage to the characterized primary 
trisomies, Harosoy-w4 was crossed to Tri A, B, C, and D. 
Segregation ratios in the progeny of trisomie plants 
were tested against the segregation ratios in the progeny 
of disomic plants (Palmer, 1976). The trisomies A, B, 
and C are wlwl W4W4. The expected disomic F2 segregation 
ratio is 9:7. If the W4 locus was located on the extra 
chromosome of one of the trisomies, the F2 segregation 
ratio adjusted for the relative transmission rates of n and 
n+1 gametes would be approximately 45:19 (3/4 X 
15/16)(Palmer, 1976). One hundred twenty-five F2 
individuals are required to distinguish between the 
trisomie and disomic segregation ratios (Mather, 1951). 
Since Tri D is WlWl W4W4. F2 segregation ratios in the 
progeny of 41-chromosome F^ plants would be sufficently 
different from the expected 3:1 ratio in the progeny of 
disomic F^ plants, if W4 is located on the extra 
chromosome. Based on the transmission rate of the n+1 
gamete through the male and female gametes, 65 individuals 
were required to distinguish between disomic and trisomie 
segregation ratios (Mather, 1951). 
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RESULTS AND DISCUSSION 
All isozyme loci segregated 1:2:1 as expected (data 
not shown). The genetic mechanisms producing the malate 
dehydrogenase (MDH) zymogram have not been characterized. 
The variants segregating in this study were MDH A and B (as 
designated by Cardy and Beversdorf, 1984a). The ratio of 
MDH A to B in the F2 generation is 3:1 (author, unpublished 
data) and, in this study, the MDH segregated as expected. 
Each of the morphological markers exhibited the expected 
3:1 segregation ratio in the F2 generation. 
Initially, 276 F2 plants from the cross PI 437.293 X 
Harosov-w4 were scored for two morphological markers and 
seven isozyme markers. A significant linkage chi-sguare 
was present for the test of linkage for Pai2 with W4. The 
recombination value was approximately 42%. Hanson (1959) 
reported that 392 individuals were required to establish a 
linkage of 40% with a 95% probability. An additional 425 
individuals were analyzed for W4 and Pgi2. The final 
linkage estimate was 44.8 + 2.2% (Table 1). To establish a 
linkage of 45% with 95% confidence, 1610 individuals are 
required (Hanson, 1959). Since sufficient F2 seed was not 
available, additional individuals were not evaluated. If 
W4 is linked to Pai2. as the data suggest, the linkage 
value is close to independence. Several different cross 
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combinations are required to confirm linkage estimates that 
are close to 50.0 map units. 
The other markers segregating in the cross of PI 
437.293 X Harosov-w4. Aco3. Aco4. Dial. Idh2. and £b, were 
inherited independently of M (Tables 2 and 3). In the 
cross of Harosov~w4 X PI 437.477B, 191 individuals were 
analyzed for isozyme and morphological markers. Each of 
the six isozyme loci, Aco2. AP. Dial. Enp. Idhl. and Idh2. 
were inherited independently of W4 (Table 2). 
Two morphological markers, Pfe (pubescence tip) and K2 
(tan saddle on a yellow seedcoat), were tested for linkage 
with HI. Two F2 populations were segregating for ^  and W4 
and, in each instance, the two loci were inherited 
independently (Table 3). Analysis of the F2 data from the 
cross of Harosov-w4 X Harosov-k2 indicated that W4 and K2 
were not linked (Table 3). 
The W4 locus also was tested to determine if this 
locus was located on the extra chromosome in one of the 
primary trisomies A, B, C, or D. Since W1 and W4 are 
segregating in the crosses of Harosov-w4 X Tri A, B, and C, 
the expected disomic segregation ratio was 9:7. Both the 
F2 progeny of disomic and trisomie plants had 9:7 ratios 
(Table 4). Therefore, W4 was not located on Tri A, B, or 
C. The W4 locus was not located on Tri D since a 3:1 F2 
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segregation ratio was observed in the progeny of disomic 
and trisomie plants (Table 4). 
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Table 1. Test of linkage of W4 with Pai2 using F2 
populations derived from the cross PI 437.293 
X Harosoy-v4 
Pai2 a/a a/b b/b Statistics 
W4 135 237 137 No. of individuals = 701 
w4w4 57 105 30 ® = 9.86 pb = 0.01 
R ± SE° = 44.8 ± 2.3 
®Chi-square was calculated assuming a 3:6:3:1:2:1 
ratio. The df = 2. 
bp = probability of a greater chi-square. 
°R + SE = recombination value ± standard error. 
Table 2. Tests of linkage between w4 and eight other loci using F2 populations 
in soybean 
Classes 
Locus aaW4 _ abW4 _ bbW4 aaw4w4 abw4w4 bbw4w4 No. x2 a pb 
PI 437 .477B X Harosoy-w4 
Aco2 a/a X b/b° 30 72 37 10 27 15 191 0.16 0.92 
M b/b X a/a 37 75 27 14 27 11 191 0.08 0.96 
Dial a/a X b/b 32 68 39 9 28 15 191 0.76 0.68 
Enp a/a X b/b 32 67 40 9 26 17 191 0.80 0.67 
Idhl b/b X a/a 37 76 25 16 27 9 190 0.29 0.86 
Idh2 b/b X a/a 33 66 39 15 22 15 190 0.62 0.73 
PI 437.293 X Harosov-w4 
Aco3 b/b X a/a 51 100 41 12 47 12 266 3.71 0.16 
Aco4 c/c X a/a 57 91 42 14 43 17 264 3.54 0.17 
Dial a/a X b/b 54 91 55 13 40 23 276 2.96 0.23 
Idh2 a/a X b/b 49 96 55 26 32 18 276 2.62 0.27 
^Chi-square tests of independence assuming a 3:6:3:1:2:1. 
= probability of a greater chi-square. 
^The alleles at a locus are a, b, or c. 
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Table 3. Tests of linkage of W4 with the morphological 
markers K2 and Pb using F2 populations in soybean 
Locus Parental A a aa A aa No. x2 b pC 
tested^ line® m_ W4 W4W4 w4w4 
Pb PI 437.477B 157 43 58 16 274 0.00 0.98 
Pb PI 437.293 107 32 41 10 190 0.25 0.61 
K2 Harosov-k2 596 200 214 76 1086 0.13 0.72 
^A_ and aa are the dominant and recessive classes 
respectively, of Pb and K2. 
^Chi-square tests of independence were calculated 
assuming a 9:3:3:1 ratio. 
= probability of a greater chi-square. 
^Locus tested for linkage with W4. 
®Harosoy-w4 is pbpb. PI 437.477B and PI 437.293 
are PbPb. 
137 
Table 4. Tests of linkage of W4 with soybean primary 
trisomies A, B, C, and D 
Trisomie Chromo. A_ aa No. & 
number 
A 40 83 
41 94 
B 40 92 
41 96 
C 40 479 
41 288 
D 40 193 
41 242 
89 172 
95 189 0.166 
81 173 
88 184 0.072 
375 854 
249 537 1.317 
66 259 
75 317 0.554 
^Chi-sguare values were calculated by using the 
disomic ratio as the expected ratio rather than a 9:7 
or 3:1 ratio. With 1 df, the critical chi-square 
value at 5% is 3.84. 
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GENERAL SUMMARY 
Compared with other major crop species such as wheat, 
maize, and rice, soybean has a relatively small genetic 
map. A more extensive genetic map would facilitate studies 
in genetics, cytogenetics, plant breeding, and molecular 
biology. Unfortunately, the number of morphological 
markers available for mapping studies in soybean is 
limited. Improving technologies in protein electrophoresis 
have provided researchers with a large number of isozyme 
markers. These markers are being added to the soybean 
genetic map. 
Mapping by using primary trisomies is an important 
cytogenetic tool. Isozymes usually have codominant alleles 
rather than the dominant and recessive alleles that are 
characteristic of morphological markers. Formulae were 
developed to predict the F2 genotypic and phenotypic 
frequencies for genes with codominant alleles. These 
formulae also considered the different transmission rates 
of the n+i gametes through the pollen and ovule. To 
increase the efficiency of the mapping studies with primary 
trisomies, a method for calculating minimum sample sizes 
was presented. 
A total of 49 linkage tests of isozyme markers with 
Trisomies A, B, C, D, and S were conducted. Only the Dial 
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locus was assigned to a chromosome. It was located on the 
extra chromosome in Trisomie D. 
Segregating F2 populations also were analyzed to 
establish new linkages. The Idhl locus was found to be 
linked to the F and Ril loci on linkage group 11. The gene 
order was F-Idhl-Ri1. A possible linkage was found between 
the Pqi2 and W4 loci. However, more populations should be 
analyzed to confirm the linkage because the linkage 
estimate was close to independence. 
A second area of research was the analysis of three 
chlorophyll-deficient (CD) mutants derived from a soybean 
line (w4-m) that contains a transposable element. These 
mutants were studied to characterize element-related 
phenomena. The yellow-green phenotypes of the mutants were 
associated with the absence of two mitochondrial malate 
dehydrogenase bands. The mutants were allelic in a 
classical cytogenetic context but the different plant 
phenotypes of each of the three CD lines suggested that 
differences among the CDs exist at the molecular level. 
Genetic analyses indicated that the mutants may contain 
deletions. The different phenotypes of the three CDs may 
reflect differences in the lengths of the deletions. In 
other species such as maize (McClintock, 1950) and 
snapdragon (Martin et al., 1988), transposable elements 
have generated terminal and internal deletions of varying 
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lengths. The soybean transposable element may be producing 
similar gross chromosomal changes. 
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APPENDIX. 
CALCULATION OF FORMULAE TO DETERMINE EXPECTED GENOTYPIC AND 
PHENOTYPIC RATIOS IN THE F2 PROGENY OF A TRISOMIC F^ 
1. Assuming maximal eguational segregation 
The theoretical gametic array produced by an F^ with 
the genotype A1A1A2 is 5 A^Ai: 6 A2A2: 1 A2A2: 8 A^; 
4 A2. The gametic array adjusted for actual 
transmission rates of n+1 gametes is 5(X) A^: 6(X) 
A1A2: 1(X) (A2A2): 8(1-X) (Ai): 4(1-X) (A2) where X is 
the transmission rate of n+1 gametes. The rate of 
transmission of the n+1 gametes through the male and 
female is designated M and F, respectively, and is 
substituted for X in the following calculations of 
genotypic frequencies. The gametic combinations that 
produce the genotype in question are given in Figure 1. 
Calculation of the expected genotypic frequencies for 
maximal eguational segregation. 
1.1 Calculation of the frequency of A^A^AiAi genotypes. 
= (1,1) 
= (M)(5/24)(F)(5/24) 
= 25(MF)/242 
1.2 Calculation of the frequency of AiA^A^Ag genotypes. 
= (1,2) + (2,1) 
Figure 1. A checkerboard for calculating the genotypic 
frequencies produced by selfing an A2A1A2 
genotype 
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Pollen 
Ovule AiAi A1A2 ^2^2 Al A2 
AiAi AiA^A^Ai 
(1,1) (1,2) 
A1A1A2A2 
(1,3) 
AlAïAi 
(1,4) 
A1A1A2 
(1,5) 
^1^2 A1A1A1A2 
(2,1) 
A1A1A2A2 
(2,2) 
A1A2A2A2 
(2,3) 
A1A1A2 
(2,4) 
A1A2A2 
(2,5) 
^2^2 A1A1A2A2 
(3,1) 
A1A2A2A2 
(3,2) 
A2A2A2A2 
(3,3) 
A1A2A2 
(3,4) 
A2A2A2 
(3,5) 
Al AiA^Ai 
(4,1) 
A1A1A2 
(4,2) 
A1A2A2 
(4,3) 
AiAi 
(4,4) 
A1A2 
(4,5) 
*2 A1A1A2 
(5,1) 
A1A2A2 
(5,2) 
A2A2A2 
(5,3) 
A1A2 
(5,4) 
A2A2 
(5,5) 
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= (M)(6/24)(F)(5/24) + (M)(5/24)(F)(6/24) 
= 60(MF)/242 
1.3 Calculation of the frequency of A1A1A2A2 genotypes. 
= (1/3) + (2,2) + (3,1) 
= (M)(5/24)(F)(1/24) + (M)(6/24)(F)(6/24) 
+ (M)(1/24)(F)(5/24) 
= 46(MF)/242 
1.4 Calculation of the frequency of K-^K2^2^2 genotypes. 
= (2,3) + (3,2) 
= (M) (6/24) (F) (1/24) + (M) (1/24) (F) (6/24) 
= 12(MF)/242 
1.5 Calculation of the frequency of genotypes. 
= (3,3) 
= (M) (1/24)(F)(1/24) 
= (MF)/242 
1.6 Calculation of the frequency of A^A^A^ genotypes. 
= (1,4) + (4,1) 
= (M)(5/24)(1-F)(8/24) + (1-M)(8/24)(F)(5/24) 
= 40(M-2MF+F)/242 
1.7 Calculation of the frequency of A^A^Ag genotypes. 
= (1,5) + (2,4) + (4,2) + (5,1) 
= (M) (5/24)(1-F) (4/24) + (M) (6/24)(1-F)(8/24) 
+ (1-M)(8/24)(F)(6/24) + (1-M)(4/24)(F)(5/24) 
= [(20M)(1-F) + (48M)(1-F) + (48F)(1-M) + (20F)(1-M)]/242 
= 68(M-2MF+F)/242 
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1.8 Calculation of the frequency of A1A2A2 genotypes. 
= (2,5) + (3,4) + (4,3) + (5,2) 
= (M)(6/24)(1-F)(4/24) + (M)(1/24)(1-F)(8/24) 
+ (1-M)(8/24)(F)(1/24) + (1-M)(4/24)(F)(6/24) 
= [(24M)(1-F) + (8M)(1-F) + (8F)(1-M) + (24F)(1-M)]/242 
= 32(M-2MF+F)/242 
1.9 Calculation of the frequency of A2A2A2 genotypes. 
= (3,5) + (5,3) 
= (M) (1/24) (1-F)(4/24) + (1-M) (4/24) (F) (1/24) 
= 4(M-2MF+F)/242 
1.10 Calculation of the frequency of A^A^ genotypes. 
= (4,4) 
= (1-M)(8/24)(1-F)(8/24) 
= 64(1-M)(l-F)/242 
1.11 Calculation of the frequency of A1A2 genotypes. 
= (4,5) + (5,4) 
= (1-M)(8/24)(1-F)(4/24) + (1-M)(4/24)(1-F)(8/24) 
= 64(l-F)(l-M)/242 
1.12 Calculation of the frequency of A2A2 genotypes. 
= (5,5) 
= (1-M)(4/24)(1-F)(4/24) 
= 16(1-F)(1-M)/242 
1.13 Calculation of the total frequency of all genotypes. 
= 144(MF)/242 + [ 144 (Mr-2MF+F) ]/242 + [144 (1-M) (1-F) 1/24^ 
= 144(MF)/242 + [144M-288MF+144F]/242 
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+ [144+144MF-144M-144F]/242 
= 144/576 
Therefore, each of the frequencies calculated in 1.0 to 
1.13 must be divided by the total genotypic frequency, 
144/576. The resulting frequencies are given in Table 2 in 
Section I. 
2. Assuming chromosomal segregation. 
The theoretical gametic array produced by an with 
the genotype A2A1A2 is 1 A^A^: 2 A^A^: 2 A^; 1 A^. The 
gametic array adjusted for actual transmission rates of 
n+1 gametes is l(X) A^; 2(X) A^A^: 2(1-X) (A^); 
l(l-X) (Ag) where X is the transmission rate of the n+1 
gametes. The rate of transmission of the n+1 gamete 
through the male and female is designated M and F, 
respectively, and is substituted for X in the following 
calculations of genotypic frequencies. The gametic 
combinations that produce the genotype in question are 
given in Figure 2. 
Calculation of the expected genotypic frequencies for 
chromosomal segregation. 
2.1 Calculation of the frequency of A^AiA^Ai genotypes. 
= (1,1) 
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= (M)(1/6)(F)(1/6) 
= (MF)/62 
2.2 Calculation of the frequency of A1A1A1A2 genotypes. 
= (1,2) + (2,1) 
= (M) (1/6)(F)(2/6) + (M) (2/6)(F)(1/6) 
= 4(MF)/62 
2.3 Calculation of the frequency of A1A1A2A2 genotypes. 
=  ( 2 , 2 )  
= (M)(2/6)(F)(2/6) 
= 4(MF)/62 
2.4 Calculation of the frequency of A^A^A^ genotypes. 
= (1,3) + (3,1) 
= (M)(1/6)(1-F)(2/6) + (1-M)(2/6)(F)(1/6) 
= 2(M-2MF+F)/62 
2.5 Calculation of the frequency of A1A1A2 genotypes. 
= (1,4) + (2,3) + (3,2) + (4,1) 
= (M)(1/6)(1-F)(1/6) + (M)(2/6)(1-F)(2/6) 
+ (1-M)(2/6)(F)(2/6) + (1-M)(1/6)(F)(1/6) 
= [(M)(l-F) + (4M)(1-F) + (4F)(1-M) + (F)(1-M)]/62 
= 5(M-2MF+F)/62 
2.6 Calculation of the frequency of A1A2A2 genotypes. 
= (2,4) + (4,2) 
= (M)(2/6)(1-F)(1/6) + (1-M)(1/6)(F)(2/6) 
= 2(M-2MF+F)/62 
Figure 2. A checkerboard for calculating the genotypic 
frequencies produced by selfing an A1A1A2 
genotype 
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2.7 Calculation of the frequency of genotypes. 
= (3,3) 
= (1-M) (2/6)(1-F) (2/6) 
= 4(1-M)(1-F)/62 
2.8 Calculation of the frequency of A1A2 genotypes. 
= (3,4) + (4,3) 
= (1-M)(2/6)(1-F)(1/6) + (1-M)(1/6)(1-F)(2/6) 
= 4(1-M)(1-F)/62 
2.9 Calculation of the frequency of A2A2 genotypes. 
= (4,4) 
= (1-M)(1-F)/62 
2.10 Calculation of the total frequency of all genotypes. 
= [9(MF) + 9(M-2MF+F) + 9(1-M)(1-F)]/62 
= 9/36 
Therefore, each of the frequencies calculated in 2.0 to 
2.10 must be divided by the total genotypic frequency, 
9/36. The resulting frequencies are given in Table 1 in 
Section I. 
